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ABSTRACT 

The  carbonyl  stretching  vibrations  of  metal  carbonyl 
derivatives  of  three  structural  types  have  been  examined 
by  infrared  spectroscopy.  The  technique  of  isotopic 
enrichment  has  been  employed  to  gain  added  information 
about  these  vibrations  and  normal  coordinate  analyses 
have  been  performed,  in  several  levels  of  approximation. 

It  has  been  shown  that  the  methods  of  assignment  of 
the  carbonyl  stretching  spectra  of  cis-di substituted  metal 
tetracarbonyl  derivatives  based  on  analysis  of  spectra 
obtained  without  isotopic  enrichment  are  generally  inade¬ 
quate.  Assignments  for  two  ruthenium  compounds  of  this 
type  are  proposed  cn  the  basis  of  isotopic  enrichment 
studies . 

Two  different  energy-factored  force  fields  for  mono- 
substituted  manganese  and  rhenium  pentacarbony Is  have  been 
compared  using  isotopic  enrichment  data.  The  simpler  of 
the  two  (due  to  Cotton)  was  found  to  be  in  some  respects 
superior . 

Isotopic  enrichment  data  was  also  obtained  for  some 
monosubstituted  t.etracarbonylcobalt  derivatives,  and  used 
to  determine  an  energy-factored  force  field  for  the  carbonyl 
stretching  vibrations  of  these  molecules.  This  force  field 
has  been  compared  with  a  more  general  force  field  for  one 
such  molecule,  trichlorosilyltetracarbonylcobalt .  This 
comparison  suggests  that  the  simplifications  generally  used 
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when  carbonyl,  stretching  vibrations  are  studied  alone  i.e, 
the  energy-factoring  approximation,  is  justified. 
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INTRODUCTION 


Chapter  I 


This  chapter  introduces  the  reader  to  the  problem 
at  hand,  the  method  used  for  its  solution,  and  to  the 
results  of  previous  approaches  to  the  problem. 

The  modern  practising  chemist  is  invariably  familiar 
with  the  use  of  infrared  spectroscopy.  By  means  of  this 
technique  he  is  able  to  observe  the  vibrations  of  mole¬ 
cules  in  which  he  is  interested,  and  thus  to  gain  informa¬ 
tion  about  them.  The  use  of  infrared  spectroscopy  for 
characterisation  and  identification  of  compounds,  and  for 
qualitative  investigations  of  the  constitution  and  structure 
of  molecules  is  widely  taught  at  both  the  undergraduate 
and  graduate  levels.  Many  texts  are  available  which  deal 
with  this  subject,  and  excellent  expositions  of  the  practi¬ 
cal  details  (1),  and  of  the  theoretical  considerations 
which  are  necessary  for  the  analysis  of  vibrational 
spectra  exist  (2,3,4) . 

Vibrational  spectra  may  be  observed  by  Raman,  as  well 
as  infrared  spectroscopy  (3,4,5),  and  it  was  by  this  method 
that  the  vibrational  spectra  of  metal  carbonyl  species  were 
first  observed  almost  forty  years  ago  (6) ,  when  few  such 
compounds  were  known.  Since  that  time,  and  particularly 
within  the  last  fifteen  years,  a  multitudinous  variety  of 
metal  carbonyls  and  carbonyl  derivatives  has  been  syn¬ 
thesized.  This  increase  in  the  number  of  known  metal 
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carbonyl  compounds  occurred  at  about  the  same  time  that 
infrared  spectroscopic  equipment  became  readily  commer¬ 
cially  available,  so  that  the  spectra  of  the  new  compounds 
were  routinely  reported.  Thus  a  vast  literature  on  the 
subject  of  metal  carbonyl  vibrations  now  exists,  some  of 
which  has  been  reviewed  (7). 

The  performance  of  commercial  infrared  spectrometers 
has  been  further  improved  during  the  past  decade  by  the 
widespread  adoption  of  diffraction  gratings  rather  than 
prisms  as  the  dispersing  element.  This  has  led  to  an 
increase  in  the  resolution  of  reported  spectra.  The 
advent  of  lasers  as  highly  intense  and  monochromatic  light 
sources  in  the  visible  and  ultraviolet  regions  has  resulted 
in  a  recent  improvement  in  the  performance  of  commercial 
Raman  instruments,  so  that  there  is  a  current  increase  in 
the  reporting  of  Raman  spectra.  This  will  probably  become 
routine  in  the  next  few  years,  leading  to  very  complete 
documentation  of  metal-carbonyl  vibrational  spectra,  and 
to  improvements  in  assignment  of  the  observed  spectra  to 
the  various  molecular  vibrations . 

The  vibration  of  free  carbon  monoxide  corresponds  to 
an  infrared  frequency  of  about  2140  cm  1.  This  vibration 
is  readily  observed,  with  rotational  fine  structure,  in 
gas  phase  infrared  absorption  spectra.  A  similar  vibration 
is  observed  in  spectra  of  metal  carbonyl  species  where  its 
frequency  lies  between  2200  cm  1  and  1650  cm  1  depending 
upon  the  particular  compound.  For  CO  terminally  bound 
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(ie.,  to  only  one  metal  atom,  as  distinct  from  bridging 
carbonyls  which  are  bound  between  2  or  more  metal  atoms) , 
the  frequency  range  usually  lies  between  2140  and  1800  cm 
For  molecules  containing  more  than  one  CO  group,  the 
vibrations  of  the  individual  carbonyls  interact,  leading 
to  the  appearance  of  several  modes  of  vibration,  with 
several  absorptions  observable  in  the  infrared,  giving  a 
pattern  of  absorption  lines. 

Each  of  these  modes  of  vibration  may  be  described  as 
some  combination  of  individual  carbonyl  vibrations,  and 
may  be  classified  according  to  the  symmetry  of  the  mole¬ 
cule.  To  some  extent  the  symmetry  of  the  molecule  allows 
the  precise  formulation  of  the  combinations  of  carbonyl 
vibrations  which  constitute  the  "normal  modes"  of 
vibration.  The  details  of  this  use  of  symmetry,  and  the 
procedures  by  which  it  may  be  applied  are  set  forth  at 
length  in  the  references  (2, 3, 4, 8),  and  will  not  be 
reiterated  here.  They  are  of  great  importance  in  the 
interpretation  of  carbonyl  spectra  however,  and  will  be 
extensively  used  throughout  this  thesis.  The  methods 
given  in  reference  4,  both  for  uses  of  molecular  symmetry 
and  for  the  general  procedures  of  spectral  analysis,  will 
be  followed  unless  otherwise  stated. 

In  addition  to  vibrations  based  on  simple  stretches 
of  the  C-0  bond,  several  other  types  of  vibration  of  the 
carbonyl  group  exist.  First,  the  CO  group  may  oscillate 
in  a  bending  manner,  so  that  the  M-C-0  angle  deforms. 
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Vibrations  of  this  type  are  observed  at  about  600  cm-  . 
Second,  the  CO  group  as  a  whole  may  oscillate  about  its 
equilibrium  distance  from  the  metal  atom.  Such  M-C 
stretches,  as  they  are  commonly  referred  to,  are  observed 
at  about  400  cm  Third,  the  angles  between  different 

carbonyls  can  vary  in  a  C-M-C  bending  vibration,  observ¬ 
able  below  400  cm  Similarly,  various  vibrations  of 

other  groups  contained  in  the  molecule  are  possible. 

All  these  various  types  of  vibration  may  be  in¬ 
volved  in  the  normal  vibration,  which  is  then  described 
as  a  mixture  of  the  individual  vibrations .  The  extent 
of  this  mixing  depends  inversely  on  the  difference  in 
energy  between  the  individual  vibrations;  thus  vibra¬ 
tions  of  similar  energy,  such  as  the  M-C-0  bends  and 
M-C  stretches,  will  mix  with  each  other  to  some  extent, 
but  there  will  be  little  C-0  stretching  contribution  to 
these  low-energy  vibrations.  Similarly  the  higher  energy 
vibrations  of  the  C-0  stretching  type  will  have  only  small 
contributions  from  the  M-C-0  bend  and  M-C  stretching  type 
vibrations  *  Thus  the  carbonyl  stretches  are  commonly 
described  as  "pure"  stretches,  and  this  leads  to  important 
simplifications  in  the  spectral  analysis. 

The  energies  of  the  normal  vibrations  are  governed 
by  the  interatomic  forces  and  by  the  masses  and  geometry 
of  the  constituent  atoms.  The  interatomic  forces  are  of 
fundamental  significance  to  the  chemist „  since  they  can 
be  related  to  the  electronic  structure  of  the  molecule. 
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The  determination  of  force  constants  from  vibrational 
spectra  has  therefore  received  considerable  attention. 

The  inverse  process,  i.e.  the  prediction  of  vibrational 
energies  from  a  knowledge  of  the  force  constants  and  the 
molecular  geometry,  is  more  amenable  to  mathematical  cal¬ 
culation,  and  an  elegant  procedure  has  been  outlined  for 
this  purpose  (9).  This  procedure  is  expounded  in  great 
detail  in  reference  11,  and  the  results  derived  there 
will  be  used  here. 

Briefly,  the  kinetic  and  potential  energies  associated 
with  the  nuclear  motion  are  expressed  in  terms  of  some 
coordinate  system,  and  the  classical  laws  of  motion  are 
then  applied  to  give  a  set  of  differential  equations 
describing  the  vibrations.  Solution  of  these  equations 
then  yields  the  secular  equations,  which  give  the  energies 
and  forms  of  the  vibrations  themselves .  This  is  conve¬ 
niently  cast  in  a  matrix  notation  as  is  done  in  Appen¬ 
dix  VIII  of  reference  4.  The  coordinates  commonly  chosen 
are  displacement  coordinates  based  on  the  set  of  bond 
lengths  and  interbond  angles  of  the  molecule  in  its 
equilibrium  configuration.  This  coordinate  set  is 
designated  by  the  column  vector  R.  The  secular  equation 
may  be  written  in  the  form: 

G  F  L  =  L  A 

where  G,  F,  L  and  A  have  their  usual  meanings  (4). 

The  G  matrix  is  determined  by  the  masses  and  geometry  of 
the  atoms,  and  F  is  a  matrix  of  the  force  constants.  The 
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A  are  the  energies  of  the  vibrations,  and  are  determined 
as  the  eigenvalues  of  the  matrix  product  G  F.  The  L  are 
the  associated  eigenvectors  of  G  F  and  express  the  contri¬ 
butions  of  the  internal  coordinates  R  to  the  normal  co¬ 
ordinates  Q  via  the  coordinate  transform: 

R  =  L  Q 

Thus  a  knowledge  of  the  molecular  structure  and  the 
force  constants  allows  the  calculation  of  the  vibrational 
energies  (the  A's)  and  the  forms  of  the  vibrations  (from, 
the  L  matrix  columns) . 

More  commonly  the  elements  of  the  F  matrix  must  be 
determined  from  the  A’s.  G  of  course  is  predetermined. 
Using  the  internal  coordinates  described  above,  the  F 
matrix  elements  are  valence  force  constants,  ie.,  bond 
stretching  and  bond  angle  bending  constants.  The  off- 
diagonal  terms  in  F  are  interaction  force  constants,  ie , , 
they  express  the  alteration  in  force  necessary  to  deform 
one  bond  when  some  other  bond  is  stretched  or  bent. 

A  molecule  will  in  general  have  more  distinct 
valence  force  constants  than  vibrational  frequencies. 

The  determination  of  force  constants  thus  requires  sim¬ 
plification  of  the  F  matrix  to  reduce  the  number  of 
independent  force  constants  or  in  some  cases  the  intro¬ 
duction  of  additional  data  from  other  molecules  which  have 
similar  force  fields.  Most  conveniently  the  frequencies 
of  an  isotopically  substituted  molecule,  or  molecules, 
are  used  since  such  molecules  will  have  identical  F 
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matrices.  In  advantageous  cases  the  simplifications  and 
additional  frequencies  will  increase  the  amount  of  data 
above  that  needed  to  determine  the  force  field.  The 
methods  of  non-linear  least  squares  may  then  be  employed 
to  calculate  the  set  of  force  constants  which  best  fit 
the  available  data  (10).  Computer  programs  which  accom¬ 
plish  this  procedure  have  been  published  (11,12,13,14), 
and  are  widely  available. 

Metal  carbonyl  molecules  suffer  from  this  lack  of 
determination  of  the  force  field,  and  complete  vibrational 
analyses  have  only  been  carried  out  for  a  few  molecules 
(15,16).  The  frequencies  of  the  carbonyl  stretching 
vibrations  are  well  separated  from  the  other  vibrational 
frequencies  however,  so  that  extensive  use  has  been  made 
of  the  high-frequency  separation  method  (4).  This  is 
commonly  accomplished  by  ignoring  all  internal  coordinates 
other  than  those  describing  displacements  of  the  carbon 
oxygen  bond  length,  which  corresponds  to  assuming  that 
all  force  constants  in  the  molecule  other  than  the  car¬ 
bonyl  stretching  force  constants,  and  interaction  constants 
between  carbonyl  groups,  are  zero.  This  of  course  intro¬ 
duces  errors  into  the  force  constant  determination  which 
will  be  discussed  later. 

Other  workers  have  used  this  energy-factored  model  to 
separate  the  low-frequency  vibrations,  and  have  thus  deter¬ 
mined  the  lower  energy  force  constants,  such  as  the  M-C 
stretching  and  M-C-0  and  C-M-C  bending  constants  (17) . 

In  addition  this  method  has  been  used  in  the  determination 
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of  metal-metal  bond  stretching  constants  (17,18).  Using 
this  procedure  the  carbonyl  stretching  force  constants  may 
be  either  ignored,  or  given  a  fixed  value  which  is  a  close 
approximation  to  the  true  value. 

The  assignment  of  the  carbonyl  stretching  bands  to 
the  particular  molecular  vibrations  involved  has  been 
developed  by  various  workers.  The  assignment  of  the  three 
carbonyl  stretches  exhibited  by  an  octahedral  hexacarbonyl 
follows  from  the  infrared  and  Raman  activity  of  the  bands, 
and  from  the  Raman  polarisation  measurements  (16,19,20). 

A  recent  complete  vibrational  analysis  of  the  group  VI  hexa 
carbonyls  has  been  carried  out  using  this  carbonyl  stretch¬ 
ing  assignment  (16).  The  unambiguous  nature  of  this 
assignment  is  mainly  due  to  the  existence  of  an  inversion 
centre  in  these  molecules  which  allows  invocation  of  the 
Exclusion  rule  leading  to  the  requirements  that  none  of  the 
vibrations  may  be  active  in  both  infrared  and  Raman  (4,8) . 
The  inversion  centre  is  retained  on  trans -disubstitution, 
so  that  the  same  principle  may  be  employed  to  give  a 
similar  unambiguous  assignment  for  trans -disubstituted 
tetracarbonyls.  The  vibrations  of  the  trans  species  are 
closely  related  to  those  of  the  hexacarbonyls ,  as  are 
the  vibrations  of  the  mono  substituted  pentacarbonyls. 

Orgel  has  shown  that  by  consideration  of  the  shifts  in 
the  carbonyl  stretching  frequencies  on  passing  from  the 
assignable  hexacarbonyls,  to  the  substituted  pentacarbonyls 
and  thence  to  the  trans  tetracarbonyls,  the  spectra  of  the 


pentacarbonyls  may  be  assigned  (21) .  The  assignment  thus 


' 
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derived  was  in  accord  with  the  relative  infrared  intensities 
expected  from  simple  pictures  of  the  vibrations  formulated 
from  the  symmetry  of  the  molecules  (21,22). 

The  a  “donor  tf -acceptor  theory  of  bonding  in  metal 
carbonyls  and  their  derivatives  was  implicitly  employed  by 
Orgel  (21) ,  and  further  consideration  of  this  led  to  the 
formulation  of  constraints  which  could  be  imposed  on  the 
CO  force  field,  allowing  the  calculation  of  approximate 
force  constants  for  the  CO  groups  (23,24). 

The  most  popular  simplified  force  field  has  been 
that  due  to  Cotton  and  Kraihanzel  (23).  Several  assumptions 
are  made  in  the  formulation  of  this;  anharmonicity  of  the 
CO  oscillations  is  ignored;  the  force  field  is  "energy 
factored",  i.e.  vibrations  other  than  those  due  to 
stretching  of  carbonyls  are  ignored;  and  relationships 
between  carbonyl  stretching  force  constants  are  devised 
and  explicitly  employed.  These  simplifications  are  based 
on  the  separation  of  the  metal  d  orbitals  into  o-  and 
Tr-bonding  sets  extending  throughout  the  octahedral  frame¬ 
work,  and  assuming  that  both  are  used  extensively.  There 
are  two  ir-type  orbitals  extending  from  any  ligand  to 
the  coordinating  species  trans  to  it,  and  only  one  extend¬ 
ing  to  the  species  in  the  cis  position.  Thus  if  one 
carbonyl  is  stretched,  lowering  the  energy  of  its  tt 
orbitals,  the  increase  in  population  of  these  orbitals  will 
have  twice  as  much  effect  on  the  carbonyls  trans  to  it  a-s 
on  the  carbonyls  cis  to  it,  i.e., 


the  trans  interaction 
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should  be  twice  the  cis  interaction;  since  the  result  of 
stretching  one  carbonyl  is  to  decrease  the  number  of  tt 

k 

electrons  available  to  the  antibonding  tt  levels  of  the 
other  carbonyls,  the  interaction  constants  should  be 
positive.  Stretching  one  carbonyl  should  make  it  more 
difficult  to  stretch  the  others.  If  carbonyls  are  sub¬ 
stituted  by  other  ligands  which  are  worse  tt  acceptors  than 
a  carbonyl,  more  tt  electrons  are  available  to  go  into  the 

k 

tt  levels  of  the  remaining  carbonyls,  lowering  the  force 
constants.  According  to  the  argument  given  above,  the 
carbonyl  trans  to  the  new  ligand  should  be  more  affected 
by  such  a  process,  and  its  force  constant  should  decrease 
by  a  larger  amount  than  one  cis  to  the  ligand. 

By  such  reasoning  Cotton  (23,25)  was  able  to  define 
criteria  for  the  acceptability  of  calculated  carbonyl 
force  constants.  Application  of  these  criteria  could  in 
some  cases  establish  a  correct  assignment  of  the  observed 
carbonyl  stretching  bands  to  the  expected  molecular 
vibrations.  Thus  an  assignment  could  be  made  for  mono 
substituted  pentacarbony 1  species,  such  as  the  pentacarbony 1 
manganese  halides,  and  for  cis-disubst ituted  species  such 
as  the  iron  tetr acarbony 1  dihalides.  Since  the  force  con¬ 
stants  depend  only  on  the  band  positions,  comparison  of 
the  observed  relative  intensities  with  those  expected  from 
the  forms  of  the  normal  vibrations  may  be  used  as  a  check 
on  the  assignment.  A  prediction  of  the  relative  inten¬ 
sities  for  any  axially  monosubstituted  carbonyl  derivative 
has  been  given  (26) . 
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The  Cotton  criteria  for  acceptance  of  carbonyl  band 
assignments  by  examination  of  force  constant  sets  calcu¬ 
lated  with  the  simplified  force  field  implies  that  the 
vibrational  interactions  between  the  carbonyls  occurs 
solely  by  effects  operating  through  the  it  electronic 
framework.  While  such  effects  must  certainly  be  expected 
to  occur  during  vibrations  of  metal  carbonyls  (28),  other 
mechanisms  of  interaction  between  carbonyl  groups  can  be 
envisaged.  Haas  and  Sheline  have  discussed  a  mechanism 
wherein  carbonyls  couple  by  means  of  a  dipole-dipole  type 
interaction  (27) .  Such  a  mechanism  would  couple  pairs  of 
carbonyls  cis  to  one  another  more  strongly  than  trans  pairs 
of  carbonyls,  since  they  are  physically  closer.  The  recent 
vibrational  analyses  of  nickel  tetracarbony 1 ,  and  the  group 
VI  hexacarbonyls  are  more  in  accord  with  this  model  than 
with  Cotton's  (15,16).  Thus  Cotton5 s.  analysis  of  the  cis 
and  trans  interactions  in  octahedral  species  becomes 
questionable,  and  attempts  to  justify  it  must  employ  more 
complex  force  fields,  in  which  the  distinct  cis  and  trans 
interactions  are  explicitly  and  independently  determined. 

Several  groups  of  workers  have  attacked  this  problem 
using  isotopic  enrichment  to  gain  added  information  on  the 
carbonyl  vibrations  (29-34) .  These  studies  have  in  general 
found  values  of  the  primary  carbonyl  stretching  constants 
in  quite  good  agreement  with  those  calculated  by  the 
Cotton-Kraihanzel  method.  The  interaction  constants 
found  by  this  method,  however,  were  not  in  good  agreement 
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with  the  Cotton-Kraihanzel  values,  and  the  assumptions  about 
the  relative  values  of  cis  and  trans  interactions  were  not 
supported . 

There  are  some  other  difficulties  inherent  in  the 
use  of  the  Cotton-Kraihanzel  force  field.  Cis_-di  sub  situ  ted 
octahedral  tetracarbony Is  have  proved  troublesome  in  that 
solution  of  the  secular  equation  directly  for  the  force 
constants  has  led  to  imaginary  solutions  in  some  cases  (35). 
Kaesz  has  demonstrated  that  this  result  may  be  quite  general, 
and  that  its  occurrence  may  be  predicted  from  the  observed 
line  positions  (31) .  Further  discussion  of  this  topic  will 
be  presented  in  Chapter  II. 

The  use  of  additional  data  obtained  from  isotopically 
enriched  materials  to  evaluate  the  effects  of  the  Cotton- 
Kraihanzel  simplifications  on  calculation  of  the  force 
field  for  some  octahedral  monosubs tituted  pentacarbonyls  is 
presented  in  Chapter  III.  Calculations  using  isotopic  data 
for  some  trigonal  cobalt  tetracarbony 1  derivatives,  for 
which  no  simplification  of  the  force  field  is  possible  are 
presented  in  Chapter  IV.  Finally  a  justification  of  the 
energy  factoring  method  by  comparison  of  calculations 
based  only  on  the  carbonyl  stretching  vibrations  with  a 
more  complete  analysis  including  other  vibrations  of  the 
molecule  is  presented  in  Chapter  V. 


Assignments  and  Approximate  Carbonyl  Stretching  Force 


Constants  for  Some  Cis  Disubs tituted  Metal  Tetracar- 

bonyl  Derivatives 

Chapter  II 

Introduction 

Cis  disubs tituted  octahedral  derivatives  are  of  wide 
occurrence  in  metal  carbonyl  chemistry.  The  carbonyl 
stretching  frequencies  of  such  compounds  are  widely  reported 
in  the  literature ,  and  several  methods  of  assignment  of 
these  frequencies  to  the  various  molecular  vibrations  have 
been  employed.  A  critical  evaluation  of  these  methods  of 
assignment  is  presented  in  this  chapter,  and  it  is  demon¬ 
strated  that  methods  based  on  simplified  force  fields  are 
generally  inadequate.  An  assignment  for  some  ruthenium 
tetracarbonyl  species  based  on  spectra  of  isotopically 
enriched  compounds  is  given. 

Cis  disubstituted  octahedral  metal  tetracarbonyls 
are  expected  to  exhibit  four  bands  due  to  carbonyl  stretches. 
The  carbonyl  stretching  vibrations  of  these  molecules  are 
classified  under  the  symmetry  of  the  point  group  C2v  (to 
which  such  molecules  belong,  if  the  substituents  are  the 
same  and  are  monatomic,  or  are  treated  as  such)  as  2A-^  + 

B  +  b2>  The  carbonyls  may  be  divided  into  two  equivalent 
sets,  as  shown  in  the  illustration,  and  the  vibrations  are 
found  to  arise  from  one,  or  the  other  set.  They  may  be 
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pictorially  represented,  by  drawings  of  the  symmetry  co¬ 
ordinates 


The  and  symmetry  coordinates  will  be  the  actual 

normal  coordinates  also,  since  there  are  no  other  vibra¬ 
tions  of  the  same  symmetry  within  the  CO  block  with  which 
they  can  mix.  The  two  coordinates  can  mix  however,  so 
that  the  normal  coordinates  will  be  combinations  of  the 
two  symmetry  coordinates. 

Since  all  the  carbonyl  interactions  are  expected  to 
be  positive,  it  can  be  predicted  that  the  vibration  con¬ 
taining  more  of  the  first  symmetry  coordinate  will  have  the 

(2) 

higher  energy.  This  will  be  referred  to  as  the  A-^ 
vibration,  since  the  carbonyls  of  set  2  are  expected  to 
supply  the  largest  contribution  to  the  potential  energy 
during  the  course  of  the  vibration.  Similarily  the  other  A^ 
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vibration  will  be  referred  to  as  A^ ^  .  It  is  not  possible 
to  deduce  the  order  of  the  three  remaining  vibrations  from 
similar  arguments,  so  that  permutation  of  them  gives  six 
possible  assignments  in  cases  where  bands  due  to  all  four 
vibrations  are  observed. 

Several  methods  are  available  which  could  indicate  the 
correct  choice  of  assignment.  The  most  powerful  method  would 
involve  measurement  of  Raman  polarisations,  indicating  which 
are  the  bands,  and  leaving  only  the  ordering  of  the 
and  Bp  bands  in  doubt.  Unfortunately  the  requisite  measure¬ 
ments  have  not  yet  been  reported. 


Assignment  by  Comparison  of  Cis  and  trans  isomers. 

The  second  method  is  due  to  Orgel,  (21),  who  argues 
that  -the  B^  mode  of  vibration  of  a  cis  tetracarbony  1  is 
closely  related  to  the  components  of  the  vibration  of 
the  trans  isomer,  and  should  have  about  the  same  energy. 


Identification  of  the  band  gives  a  complete  assignment, 
since  the  A1  ^  and  Bp  bands  which  are  left  are  both 
associated  with  the  carbonyls  of  set  1,  and  the  expected 
coupling  between  them  will  lead  to  the  Bp  band 


, 
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having  lower  energy  than  the  .  This  argument  seems 

useful  for  some  cases  where  both  cis  and  trans  isomers  are 
known,  and  was  used  by  Orgel  to  complete  the  assignment 
for  cis  (Ph3P) 2Mo (CO) 4 .  Various  other  disubstituted  tetra- 
carbonyls  are  known  for  which  both  cis  and  trans  isomers 
have  been  isolated,  particularly  the  tetracarbonyls  of 
the  iron  sub-group  (36),  band  positions  of  which  are 
given  in  Table  II-l. 

The  agreement  between  the  E.^  band  of  the  trans  iso¬ 
mer,  and  any  one  band  of  the  cis  isomer  is  not  sufficiently 
good  to  allow  a  clear  distinction  to  be  made,  but  it  is 
evident  that  the  band  is  one  of  the  intermediate 
energy  bands,  so  that  the  lowest  energy  band  can  be  assigned 
as  the  B3  band  with  some  confidence,  and  the  assignment 
choice  is  narrowed  to  two  possibilities .  For  the  com¬ 
pounds  listed  in  Table  II-l  this  argument  indicates  that 
the  third  band  in  order  of  decreasing  energy  is  the  band, 
but  there  is  no  a  priori  reason  to  extend  this  assignment 
to  other  similar  molecules.  Furthermore  it  is  not  possible 
to  state  with  confidence  how  closely  the  positions  of  the 
trans  molecule's  band,  and  the  cis  molecule's  B^  band, 
should  agree;  thus  the  small  separation  between  the  two 
centre-band  positions  in  Table  II-l  may  make  this  argument 
somewhat  misleading. 


TABLE  II-l 


Band  Positions  for  Cis  and  Trans  Isomers  of  (OC)  4MX2 


Trans  Band 


Compound 

Cis 

Band  Positions 

Position 

Ref 

Fe(CO)4I2 

2131. 

2086. 7 

» 

CO 

o 

C\I 

2  0  62  .  q 

2081. Q 

36 

Fe  (CO) 4 (GeCl3) 2 

2135 . 0 

2095 . q 

2089  -0 

2082 . 0 

2088  ,Q 

37 

Fe  (CO) 4 (SnCl3) ? 

2135  .  Q 

2096 .0 

2085 . 0 

2078 . 0 

2084  . 

37 

Ru (CO) 4I2 

2159 . 5 

2 10  6  .  q 

2  0  9  5  .  q 

2  0  6  7 . 0 

20  89  .  j- 
5 

36 

Ru (CO)  (GeCl3) ? 

2161 . 0 

2116  <■  q 

210 5. 0 

2106  .  Q 

47 

Os (CO) 4I2 

2163 .0 

2099  .  c 
o 

2084 . c 

5 

2049  .  c 

5 

20  7  3 

36 

18. 


Assignment  from  Force  Constant  Computations 

1 .  Direct  Calculation  of  Force  Constants 

A  third  approach  to  the  assignment  of  the  cis  tetra- 
carbonyl  CO  stretches  is  the  calculation  of  force  constants 
based  on  all  the  possible  assignments,  and  rejection  of 
those  leading  to  force  constant  sets  which  do  not  comply 
with  some  previously  established  criteria.  This  method  is 
due  to  Cotton,  who  used  it  in  conjunction  with  a  simplified 
force  field,  which  will  be  referred  to  in  this  thesis  as 
the  CKFF . 

Examining  the  potential  function  for  a  cis  disub- 
stituted  tetracarbonyl  we  find  five  force  constants  if 
coupling  between  the  carbonyl  stretches  and  the  other 
vibrations  of  the  molecule  are  ignored.  These  are  two 
primary  stretching  constants  k^  and  for  the  two  sets  of 


carbonyls,  an  interaction  constant  kc  for  coupling  between 
the  carbonyls  of  the  two  sets,  and  interaction  constants 

f 

linking  the  carbonyls  in  each  set,  kc  coupling  the  car¬ 
bonyls  of  set  1  which  are  cis  to  each  other,  and  k^_  coupling 
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those  of  set  2  which  are  trans  to  each  other.  The  F  matrix 
simplified  by  transformation  into  symmetry  coordinates  may 
then  be  written  as  in  Table  II-2.  This  was  further  simpli¬ 
fied  by  Cotton ,  who,  using  the  argument  given  in  Chapter  1 

I 

replaced  h  anc*  ^  by  a  single  interaction  constant  k  •  , 
and  k ,  by  2k . . 

The  number  of  independent  force  constants  is  thus 
reduced  to  three,  and  since  there  are  four  observable  bands, 
the  force  constants  may  be  determined. 

This  determination  has  run  into  difficulties  of  a 
purely  computational  nature,  however,  caused  by  the  form 
of  the  simplifying  approximations  (31) .  The  simplification 
of  the  block  causes  attempts  at  solving  it  directly  for 
the  force  constants  to  fail,  due  to  the  appearance  of 
imaginary  solutions  to  the  resulting  quadratic  equation. 

This  was  first  observed  by  Cotton  and  Kraihanzel  (23)  who 
rejected  assignments  which  led  to  this  situation  on  the 
grounds  that  force  constants  must  have  real  values.  Later, 
Hales  and  Irving  (35)  noted  that  imaginary  solutions  occurred 
in  some  cases  where  the  assignment  could  be  shown  to  be 
correct  by  computation  of  real  force  constant  values  by  a 
graphical  method  also  due  to  Cotton  (25) .  Kaesz  et  al. 

(31)  finally  demonstrated  that  the  simplifying  approxima- 

* 

tion  k  =  k  was  the  cause  of  the  problem,  since  there  is 
c  c 

a  minimum  value  of  the  ratio  kc/kc  for  which  real  solutions 
can  be  found  directly.  This  minimum  value  can  be  deter- 
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TABLE  II -2 

F  Matrix  Elements  for  Cis-octahedral  Tetracarbony Is 


Energy  Factored 

CKFF 

F11  =  k2  +  kt 

F11  =  k2  +  2ki 

! 

F00  =  k,  +  k 

22  1  c 

F22  =  kl  +  ki 

F12  =  2kc 

F-.  0  =  2k. 

12  i 

F33  =  k2  "  kt 

F33  =  k2  “  2ki 

-  0 

M 

1 

l - 1 

X 

II 

F4 4  =  kl  “  ki 
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mined  from  the  band  positions  and  may  be  used  to  show  in 
many  cases  that  the  secular  equations  are  not  directly 
soluble  for  the  force  constants,  even  though  the  assign¬ 
ment  used  is  correct. 

2.  Evaluation  of  Force  Constants  by  the  Graphical 

Procedure  of  Cotton. 

If  a  value  is  assumed  for  k^  then  values  of  and 
k 2  may  be  computed  from  either  the  two  A^  band  positions, 
or  from  the  Eh  and  Eh  band  positions.  The  two  sets  of 
primary  stretching  constants  should  only  be  identical  if 
the  value  used  for  k^  is  correct.  This  is  the  basis 
of  a  second  method  for  determination  of  the  force  constants, 
and  is  also  due  to  Cotton  (25) .  Values  of  k^  and  k^ 
computed  from  the  four  line  positions  are  plotted  against 
the  assumed  value  of  k. ,  and  the  graph  is  examined  to  see 
if  both  k-^  values,  and  both  k^  values  coincide  at  a 
common  point  on  the  k^  axis.  Assignments  for  which 
this  does  not  occur  are  then  rejected. 

A  set  of  plots  produced  in  this  fashion  for  the  pos¬ 
sible  assignments  of  the  spectrum  of  (OC) 4FeBr2  is  shown 
in  Figure  II-l.  The  plots  are  labelled  a,  b,  c,  d,  e,  and 
f  which  refer  to  the  following  assignments  in  terms  of  band 

'v 

ordering : 

A1>B1>A1>B2  A1>A1>R2>B1 

b:  A1>B2>Ai>Bl  A1>B1>B2>A1 

c:  Aj  >Aj  > B ^ > B 2 


f:  A1>B2>B1>A1 
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FIGURE  II-l 

Plots  produced  from  the  carbonyl  stretching  spectrum 
of  cis  tetracarbonyl  iron  dibromide.  Heavy  lines  de¬ 
note  values  of  k^r  light  lines  denote  values  of  k^, 
and  dashed  lines  show  mean  values  used  for  recalculation 
of  the  spectrum  as  discussed  in  the  text. 


23. 


This  system  of  referring  to  the  possible  assignments  will 
be  followed  throughout  the  remainder  of  this  chapter. 

Case  a  is  the  assignment  which  has  been  previously 
deduced  by  other  workers  for  (OC)  4FeBr2  (35,38).  The  k-L 
and  k2  values  calculated  from  either  the  ,  or  the  B  ^ 
and  B2  band  positions  agree  very  well  at  a  common  point 
on  the  k^  axis.  This  is  not  so  for  the  other  possible 
assignments,  so  that  case  a  must  be  accepted. 

It  is  not  always  possible  to  obtain  such  an  unam¬ 
biguous  result.  Figure  II-2  shows  plots  produced  for 
cis  bistrichlorotin  iron  tetracarbonyl .  Again  case  a 
represents  an  acceptable  approximation,  although  the  k^ 
values  no  longer  agree  so  well  in  the  region  of  the  graph 
where  the  k^  values  are  nearly  equal.  Case  c  however  is 
also  acceptable,  so  that  only  the  other  four  possibilities 
may  be  rejected.  In  an  attempt  to  decide  between  cases 
a  and  c,  line  positions  were  recalculated  from  the  mean 
values  of  the  sets  of  primary  constants  and  the  value  of 
the  interaction  constant  at  each  point  on  the  graph.  The 
observed  line  positions  were  reproduced  with  about  equal 
accuracy  for  the  two  cases .  Summing  the  individual  dev¬ 
iations  of  each  calculated  spectral  line  from  its  observed 
position  revealed  no  advantage  for  either  case  a  or  c, 
although  both  were  superior  to  the  four  assignments  already 
rejected.  This  procedure  also  revealed  that  neither  a 
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FIGURE  I I -2 

Plots  produced  by  application  of  Cotton  s 
graphical  procedure  to  cis  bistr ichlorotin 
iron  tetracarbonyl . 
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nor  case  c  would  recalculate  the  spectrum  particularly 
accurately . 

The  equations  used  to  produce  these  results  assume 
C.2 v  local  symmetry  about  the  central  metal  atom.  If  the 
two  ligands  used  are  not  identical  the  symmetry  will  be 
reduced  to  .  The  two  carbonyls  trans  to  these  ligands 
will  no  longer  be  equivalent  and  will  be  expected  to  have 
different  stretching  force  constants.  Furthermore  the 
assumptions  used  in  simplifying  the  secular  equations 
will  have  even  less  justification  than  previously. 

It  might  be  expected  that  this  departure  from  ideal 
local  symmetry  would  cause  the  rejection  of  all  assign¬ 
ments  if  an  attempt  to  identify  the  spectrum  of  such  a 
molecule  with  the  vibrational  modes  of  a  symmetric  tetra- 
carbonyl  were  made.  Figure  II-3  shows  plots  made  for 
such  a  molecule,  tr i-iodogermanium  iron  tetracarbonyl 
iodide,  and  it  can  be  seen  that  assignment  a  cannot  be 
rejected,  but  is  in  fact  more  acceptable  than  the  similar 
assignment  for  the  bis  trichlorotin  compound.  Evidently 
the  errors  introduced  by  treating  molecules  of  this 
type  as  pseudo  C2V  systems  are  no  greater  than  the  errors 
introduced  by  the  original  simplification  of  the  secular 
equations . 

The  three  lower-energy  bands  are  much  closer  to¬ 
gether  in  the  cases  of  group  IV  substituted  iron  tetra- 
carbonyls  than  they  are  in  the  analogous  dichloride  and 


FORCE  CONSTANTS  Km  AND  K 


INTERACTION  CONSTANT  T(i) 

Fo  (CO)4  Ge  1 3  J 

FIGURE  11-3 

Plots  produced  by  application  of  Cotton's 
graphical  procedure  to  triiodogermanium 
iron  tetracarbony 1  iodide. 
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dibromide.  Band  positions  for  some  compounds  of  this  type 
are  given  in  Table  II-3.  Small  errors  in  measuring  the 
positions  of  these  bands  will  therefore  lead  to  less  in¬ 
ternal  consistency,  and  consequent  inaccuracy  in  choosing 
the  value  of  the  interaction  constant  at  which  the  two  sets 
of  values  of  the  stretching  constants  most  closely  agree. 
Recalculation  of  band  positions  from  mean  values  does  not 
assist  in  this  choice,  and  reveals  that  sets  of  constants 
can  be  found  which  will  reproduce  band  positions  for 
assignments  which  would  otherwise  be  ruled  out  from  visual 
inspection  of  the  plots.  For  example,  the  plots  in 
Figure  II-2  indicate  that  case  c  is  the  correct  assign¬ 
ment,  but  recalculation  of  band  positions  from  average 
values  of  the  primary  constants  (shown  as  dashed  lines 
in  the  Figures)  shows  that  case  a  can  be  reproduced  as 
accurately  as  case  c,  and  that  the  recalculated  band 
positions  are  relatively  insensitive  to  the  value  of  k^ . 
This  is  not  immediately  apparent  from  the  plots  themselves, 
and  indicates  that  a  choice  of  assignment  or  force  con¬ 
stant  value  based  on  coincidence  of  and  k^  values  at 
a  common  point  on  the  k^  axis  is  not  reliable. 

3 .  Evaluation  of  Force  Constants  by  a  Spectrum  Fitting 

Procedure . 

The  calculation  of  three  constants  from  four 
observed  frequencies  is  a  mathematically  overdetermined 
problem.  The  methods  of  statistics  may  therefore  be 


TABLE  I 1-3 


Band  Positions  for  Some  Cis  Disubstituted  Tetracarbony Is 


Compound 

cis  Fe (CO) 4C12 
Fe  (C04Br2 
Fe ( CO ) 4 I 2 

Fe(CO)  4(SiCl3)  2 
Fe  (CO) &  (GeCl3) 2 
Fe  (CO) 4  (SnCl3) 2 
Fe (CO) 4  (SnBr3) 2 

Fe  (CO) 4GeI3I 
Fe  (CO) 4SnCl3Cl 
Fe  (CO) 4SnBr3Br 
Fe  (CO) 4SnI3I 


Band  positions 


2167 

2126 

2108 

2149 

2109 

2099 

2131 

2087 

2085 

2125 

2078 

2071 

2135 

2095 

2089 

2127 

2087 

2080 

2120 

2082 

2074 

2125 

2088 

2078 

2141 

2108 

2092 

2133 

2098 

2084 

2120 

2085 

2071 

,  -Is 

(cm  ) 

Ref . 

2082 

39 

2074 

34 

2062 

36 

2061 

40a 

2082 

37  a 

2071 

37a 

2066 

37a 

2064 

37a 

2070 

37a 

2066 

37a 

2060 

37a 

a 


Spectrum  measured  during  the  course  of  this  work. 
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employed  to  find  an  optimum  solution.  Shimanouchi  and 

coworkers  have  described  a  method  for  the  treatment  of 

such  problems  which  is  ideally  suited  to  the  present 

case  (14) .  The  method  of  non-linear  least  squares  is 

employed  (10) ,  so  that  a  trial  set  of  force  constants  is 

iteratively  improved  by  application  of  corrections  to  it 

calculated  from  the  difference  between  the  observed  line 

positions  and  those  calculated  from  the  trial  set.  A 

computer  program,  written  in  the  APL  language  (41,42), 

which  performs  this  calculation  is  listed  in  Appendix  1. 

This  program  evaluates  the  set  of  force  constants  which 

best  fit  the  observed  frequencies  using  Cotton  and 

Kraihanzel's  force  field.  The  program  assumes  that  the 

( 2 ) 

highest  observed  frequency  rs  the  A^  vibration,  and 
successively  evaluates  constants  for  all  six  remaining 
possible  assignments. 

The  results  of  such  a  calculation  for  the  three 
compounds  already  discussed  are  given  in  Table  II-4. 

For  tetracarbonyl  iron  dibromide  the  graphical  pro¬ 
cedure  indicated  that  case  a  was  the  only  assignment 
which  could  be  accepted.  The  least  squares  method  re¬ 
veals,  however,  that  the  CKFF  is  able  to  predict 
line  positions  close  to  those  observed  for  four  of  the 
six  possible  assignments.  Invocation  of  the  k-^  <  k^ 
criterion  eliminates  two  of  these,  leaving  cases  a  and  c 


Least  Squares  Adjusted  Force  Constants  for  all  Possible  Assignments  in  Some  Cis-tetracarbonyl- 
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both  possible.  Case  a  has  only  half  the  rms  deviation  of 
case  c  and  it  might  on  such  grounds  be  found  more  accept¬ 
able  than  case  c. 

For  cis  bis  trichlorotin  iron  tetracarbonyl  the 
graphical  method  indicated  that  case  c  was  the  correct 
assignment,  although  by  use  of  mean  force  constant  values 
it  was  indicated  that  case  a  should  also  be  considered. 

The  best  force  constant  solutions,  in  the  sense  of  least 
squares  spectrum  fitting,  show  that  the  Cotton  Kraihanzel 
force  field  can  represent  cases  a  and  c  very  well.  Case 
d  can  also  be  reproduced  very  accurately  by  the  Cotton 
Kraihanzel  equations,  and  may  not  rigorously  be  rejected 
by  cl  pplication  of  the  >  k^  criterion.  It  would  be 
expected  on  chemical  grounds  that  the  two  sets  of  car¬ 
bonyls  should  be  more  distinct  than  the  force  constants 
computed  from  assignment  d  indicate,  so  that  the 
approximate  equality  of  the  two  force  constants  make  this 
assignment  much  more  unlikely  than  either  cases  a  or  c. 
Assignments  reported  in  the  literature,  based  on 
identification  of  isotopic  satellites  are  in  agreement 
that  the  B 2  vibration  is  the  lowest  energy  band  in  the 
carbonyl  region  (33,34).  Case  d  is  therefore  rejected. 

Both  assignments  remaining  for  cis  bis  trichlorotin  iron 
tetracarbonyl  lead  to  force  constant  sets  which  can  pre¬ 
dict  the  observed  line  positions  with  good  accuracy.  Band 
positions  are  reproduced  much  better  in  case  a  than  in  case 
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c;  all  the  line  positions  predicted  are  well  within  the 
error  in  measurement.  This  would  seem  to  indicate  that 
assignment  a  is  more  probably  correct. 

For  the  unsymme trical  triiodogermanium  iron  tetra- 

carbonyl  iodide,  case  a  is  again  fitted  more  closely  than 

case  c.  It  is  not  however  fitted  quite  so  closely  as  was 

the  symmetrical  trichlorotin  compound.  It  might  be 

expected  that  if  the  value  calculated  in  this  fashion 

were  an  average  of  the  force  constants  of  the  now  distinct 

carbonyls  of  set  1,  the  error  would  be  greater  for  the 

m 

A-,  and  B.^  bands,  and  least  for  the  Bn  .  There  is  not 
1  z  1 

sufficient  difference  between  the  errors  for  these  bands 
for  this  to  be  definitely  stated,  however.  The  success 
of  the  CKFF  in  predicting  the  line  positions  for  this 
molecule,  and  for  other  molecules  of  this  type  (vide  infra) 
is  surprising,  and  may  be  regarded  to  some  extent  as  the 
basis  for  a  criticism  of  the  Cotton  Kraihanzel  approach, 
in  particular  the  tt --orbital  argument  which  is  the  basis 
of  their  force  field. 

Inductive  effects  in  octahedral  metal  carbonyl  com¬ 
plexes  are  thought  to  operate  in  an  isotropic  manner,  i.e. 
if  a  ligand  is  affecting  the  carbonyls  in  a  complex  through 
some  inductive  mechanism  it  will  have  an  equal  effect  on 
carbonyls  occupying  sites  either  cis  or  trans  to  itself 
(43,44).  If  the  triiodogermanium,  and  the  iodide  ligands 
in  (OC) 4Fe (Gel3) I  affect  the  carbonyls  via  some  mechanism 


which  is  mainly  an  inductive  effect,  then  the  two  car¬ 
bonyls  of  set  1  would  be  equally  affected,  and  would  be 
expected  to  have  equal  force  constants.  Thus  the  success 
of  the  Cotton  Kraihanzel  equations  in  predicting  the 
spectra  of  unsymmetrical  tetracarbonyls  may  indicate 
that  in  complexes  of  this  type  the  carbonyl  force  con¬ 
stants  are  influenced  by  the  other  ligands  via  an 
interaction  which  has  considerable  inductive  character. 

The  results  of  computations  for  some  other  molecules 
of  these  types  are  presented  in  Table  II-5.  Assignments 
which  could  be  rejected  by  application  of  the  >  k-^ 
criterion  are  not  included.  This  leaves  assignments  a 
and  c  for  all  the  compounds,  and  case  d  in  addition  for 

'V  <V 

some.  Case  d  may  be  rejected  for  the  reasons  given  above. 

Of  the  two  remaining  assignments  case  a  fits  the  spectrum 
much  better  than  case  c  for  all  the  compounds  listed. 

Spectra  of  the  trans  isomers  of  two  of  the  compounds 
in  Table  II-5  (bis  trichlorogermanium  iron  tetracarbonyl  and 
its  tin  analogue)  are  available  (37) ,  and  their  band  posi¬ 
tions  have  been  given  in  Table  II-l. 

The  trans  isomers  carbonyl  stretching  band  lies 
between  the  two  lower  bands  of  the  cis  isomer  in  both  cases, 
which  indicates  that  assignment  c  may  be  correct.  As  case 
a  is  reproduced  only  slightly  better  than  case  c  by  the  CKFF 
this  must  be  taken  as  evidence  that  the  CK  force  constants 
do  not  permit  a  definitive  choice  of  assignments  to  be  made 
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FOOTNOTES  TO  TABLE  I 1-5 


All  bands  measured  in  cyclohexane  solution.  Assignment 
designation  is  by  bold  face  letter  is  explained  in  the 
text;  of  the  six  possible  assignments,  those  which  can 
be  ruled  out  for  obvious  reasons  are  not  given  here. 
Error  is  root  mean  square  deviation  of  calculated  from 
observed  bands. 

Unpublished  results  of  Dr.  R.  Rummer,  cyclohexane 
solution . 
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for  molecules  of  this  type,  particularly  when  the  three 
lower  energy  bands  are  not  widely  separated. 

Bridged  binuclear  octacarbonyls ,  such  as  the 
manganese  tetracarbonyl  halide  dimers,  have  been  previously 
studied  using  the  symmetric  tetracarbonyl  model.  The 


eight  carbonyl  vibrations  of  these  molecules  are  classified 

under  the  molecule's  symmetry  as  2A  +  B-,  +  B„  + 

2h  J  J  g  lg  2g 

B-,  +  B0  +  2B0  .  The  A  ,  B-,  and  B^  vibrations  will  be 

lu  2u  3u  gr  lg  2g 

active  in  the  Raman  only,  and  the  remaining  vibrations  in 
the  infrared  only  (8,45,46).  Use  of  the  tetracarbonyl 
model  to  study  an  "effective  half-molecule"  requires  the 
assumption  that  there  is  no  potential  coupling  between  the 
two  halves  of  the  molecule.  Attempts  have  been  made  to 
distinguish  such  a  coupling  by  substitution  of  a  phosphine 
for  one  of  the  carbonyls.  The  resulting  complex  has  seven 
infrared  active  vibrations,  and  its  spectrum  was  found  to 
contain  four  bands  whose  positions  and  relative  intensities 
were  very  similar  to  the  spectrum  of  the  original  unsub¬ 
stituted  complex  (46) .  This  was  taken  as  evidence  that 
the  phosphine  substitution  affected  only  one  half  of  the 
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molecule,  leaving  the  other  half  unaltered.  This  gives  some 
support  to  the  assumption  that  the  carbonyls  on  the  two 
halves  of  the  parent  molecule  are  uncoupled.  Further 
support  for  this  assumption  could  be  obtained  from  measure¬ 
ments  of  the  Raman  spectrum,  since  the  couplings  in  question 
would  show  up  as  a  difference  in  the  line  positions  between 
the  Raman  and  infrared  band  positions.  Such  measurements 
have  not  yet  been  reported. 

The  results  of  calculations  on  some  bridged  octa- 
carbonyl  complexes  of  this  type  are  given  in  Table  II-6 . 
Results  obtained  from  published  spectra  of  the  tetracar- 
bonyl  manganese  halide  dimers  are  included.  Assignments 
c  and  d  both  fit  the  spectra  of  the  iron  compounds  very 
well,  with  but  small  differences  in  the  force  constants 
calculated  for  the  two  assignments.  This  is  expected 
since  the  difference  between  these  two  assignments  is  only 
the  interchange  of  the  two  lower  energy  bands,  which  are 
very  close  together  in  these  compounds.  The  third  lowest 
band  is  not  far  removed  either,  and  so  the  physical  dis¬ 
tinction  between  the  possible  assignments  a,  c  and  d  is 
not  large.  The  force  constants  derived  from  all  three 
assignments  lie  within  a  small  range  of  values,  as  would 
be  expected  from  the  closeness  of  the  bands,  and  may  thus 
be  accepted  as  a  good  approximation  independent  of  the 
assignment  used. 

The  spectrum  fitting  procedure  matches  the  line 
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positions  of  case  a  much  better  than  case  c  for  the  man¬ 
ganese  tetracarbonyl  halide,  dimers,  indicating  that  case 
a  is  more  probably  the  correct  assignment.  This  con¬ 
clusion  was  also  reached  by  Cotton  (25) ,  by  use  of  his 
graphical  procedure.  The  error  in  the  line  positions 
which  Cotton  calculated  from  the  force  constants  given  by 
this  procedure  however  is  significantly  greater  than  that 
given  by  the  constants  in  Table  II-6 .  Cotton's  claim 
that  the  graphical  procedure  leads  to  force  constants 
which  "...give,  frequencies  with  the  least  mean  square 
deviation  from  those  observed..."  is  therefore  not 
justified.  Furthermore  the  graphs  which  Cotton  obtained 
for  this  problem  are  in  error  in  that  the  plotted  values 
of  k^  and  k.-,  obtained  from  the  frequencies  do  not 
have  the  correct  ellipsoidal  form. 

1 3 

Study  by  _  "'CO  Enrichment 

Tetracarbonyl  iron  dibromide,  and  diiodide  have  been 

studied  by  two  groups  using  isotopic  enrichment  (33,34). 

Both  groups  observed  the  growth  of  bands  due  to  isotopi- 

cally  substituted  molecules  during  exchange  experiments 

with  isotopically  enriched  carbon  monoxide.  Butler  and 

J  3 

Spend jian  working  with  "CO,  observed  the  intensity  of 
some  weak,  bands  present  in  the  spectra  of  (OCj^FeB^  and 

(OC) 4FeI2  to  be  enhanced  during  the  exchange,  demonstrating 

.  .  13 

that  these  bands  were  due  to  molecules  containing  C 
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present  in  natural  abundance  (34).  Lewis  et  al .  reached 

the  same  conclusion  from  exchange  with.  C  0  after  the 

calculation  of  force  constants  using  an  energy-factored 

force  field,  and  subsequent  prediction  of  the  positions 

13 

of  bands  due  to  'CO  containing  molecules. 

Both  groups  used  the  positions  of  emergent  bands 

12 

to  confirm  the  assignment  of  the  bands  of  the  all  C 
molecules,  and  computed  force  constants  using  an  energy 
factored  force  field.  The  simplifications  which  Cotton 
and  Kraihanzel  introduced  into  the  secular  equations  by 
substitution  of  one  generalised  interaction  constant  were 
no  longer  needed,  since  the  additional  data  was  sufficient 
to  determine  the  more  general  force  field.  The  values 
obtained  for  the  primary  stretching  force  constants  were 
in  good  agreement  with  those  obtained  by  use  of  the  Cotton 
Kraihanzel  equations,  giving  some  support  to  the  CKFF 
(34) .  The  values  of  the  interaction  constants  were  not 
in  such  good  agreement  however. 

This  technique  has  now  been  applied  to  two  ruthenium 
complexes  available  in  this  laboratory,  cis  (OC) 4RuI2  and 
cis  (OC) 4Ru (GeCl0 ) 2 .  Ruthenium  tetracarbonyl  diiodide 
has  been  reported  previously,  and  the  spectra  of  both  cis 
and  trans  isomers  have  been  published  (36) .  Bis  trichloro- 
germani urn tetracarbonylru then ium  has  not  been  previously 
reported  however,  and  is  remarkable  for  the  stability  of 
both  cis  and  trans  isomers  (47) . 
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Ruthenium,  tetracarbonyl  diiodide  exhibits  four  bands 
in  the  carbonyl  stretching  region  as  expected.  Application 
of  the  Cotton-Kraihanzel  equations  through  the  fitting  pro¬ 
cedure  shows  that  assignments  a  and  c  are  both  reasonable, 
leaving  the  assignment  of  the  two  centre  bands  to  A^  and 
unresolved,  although  assignment  c  is  fitted  a  little  more 

closely.  Bigorgne 1 s  observation  of  the  spectrum  of  the 

13 

trans  isomer  also  favours  assignment  c  (36).  The  "CO 
enrichment  study  now  to  be  described  permits  an  unambiguous 
choice  between  these  two  possibilities. 

13 

Ruthenium  tetracarbonyl  diiodide  exchanges  with  CO 

in  hexane  solution  at  a  readily  observable  rate. 

13 

CO  may  substitute  into  either  of  the  two  sets  of 
carbonyls  of  the  molecule  to  give  the  two  possible  sub¬ 
stitution  products  shown  in  the  illustration  as  molecules 
(b)  and  (c)  ; 


0 


(a) 


0 


[parent,  all  ^"CO 
molecule] 


[Subsituted  in  a  [Substituted  in  a 

position  of  set  2]  position  of  set  1] 


1 3 

Both  ' CO  substituted  molecules  belong  to  the  symmetry 
point  group  C  ,  having  retained  one  or  the  other  of  the 
plctnes  of  symmetry  which  the  parent  molecule  (a)  possess. 
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The  carbonyl  stretching  vibrations  of  both  substituted  mole 

cules  may  be  classified  as  3A '  +  A"  under  C  ,  but  they  will 

s 

not  be  identical  for  the  two  molecules. 

13 

Molecule  (c) ,  substituted  with  CO  in  one  of  the 

positions  of  set  1  as  designated  in  the  illustration  on 

page  14,  retains  the  plane  of  symmetry  which  contains 

the  ruthenium  and  iodine  atoms.  The  A"  vibration  of  this 

molecule  is  derived  from  the  vibration  of  the  parent 
12 

all  CO  molecule,  as  is  shown  by  an  examination  of  the 

correlation  table  relating  the  C2v  an<^  point  groups  (4). 

The  energy  of  this  vibration  will  be  unaffected  by  the 

substitution  since  only  the  carbonyls  °f  set  2  are  involved 

and  symmetry  precludes  coupling  of  this  vibration  to  the  A' 

vibrations.  The  A'  vibrations  are  derived  from  the  A-^  and 

vibrations  of  the  parent  molecule  and  will  all  be 

shifted  by  the  substitution.  The  uppermost  A'  vibration 

(2) 

is  derived  from  the  A^  w  vibration  of  the  parent,  and  will 
be  shifted  only  slightly,  since  the  substituted  carbonyl, 

being  in  set  1,  made  only  a  small  contribution  to  the 

( 2 )  ,  .  . 

original  A^  vibration.  The  two  remaining  A'  vibrations 

( 1  ) 

are  derived  from  the  A^  and  B 2  vibrations.  They  may  be 

roughly  described  by  the  symmetry  coordinates  as  vibrations 

12  13 

of  either  the  remaining  ‘  CO  in  set  1,  or  the  CO.  The 
lowest  A'  vibration  is  expected  to  occur  at  lower  energy 
than  the  B2  vibration  of  the  parent  from  which  it  is 
derived,  and  the  intermediate  A'  to  be  somewhat  lower  than 
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•  •  (3  ) 

the  original  .  It  must  be  noted  that  the  frequencies  of 

the  three  A*  vibrations  are  related  to  the  frequencies  of 
the  vibrations  of  the  parent  molecule  from  which  they  are 
derived  by  the  isotopic  product  rule  (4)  f  so  that  if  the 
positions  of  bands  due  to  two  of  the  A'  vibrations  are 
measured,  the  position  of  the  third  A'  band  may  be  predicted. 
The  total  shift  may  not  exceed  about  48  cm  ^  for  these 
vibrations . 

The  positions  of  infrared  bands  from  molecule  (b) ,  with 
13 

CO  substituted  into  one  of  the  positions  of  set  2,  may  be 
predicted  by  similar  reasoning.  The  A"  vibration  of  this 
molecule  is  derived  from  the  B ^  vibration  of  the  parent 
molecule,  and  will  be  degenerate  with  it.  The  A'  vibra¬ 
tions  are  derived  from  the  A^  and  vibrations  of  the 
parent  molecule  and  will  be  shifted  to  some  extent.  The 
highest  A'  vibration  will  be  shifted  more  for  this  molecule 

than  the  highest  A*  vibration  of  molecule  (c) ,  since  the 

13 

carbonyls  of  set  2  (one  of  which  is  substituted  with  CO 

(2) 

in  molecule  (b)  are  the  main  contributors  to  the  A^ 
vibration  of  the  parent  molecule.  The  other  two  A'  vibra¬ 
tions  will  be  shifted  from  the  A and  B  ^  vibrations  of  the 
parent  molecule.  The  A'  derived  mainly  from  the  A will 
probably  shift  less,  since  the  a|1')  vibration  of  the  parent 
is  derived  mainly  from  motion  of  the  carbonyls  of  set  1, 
which  are  not  substituted.  The  lower  A'  vibration  will 
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shift  more  since,  being  derived  from  the  vibration  of 

the  parent  molecule  it  will  have  a  larger  contribution 
13 

from  the  CO.  The  product  rule  again  allows  prediction 
of  the  third  A"  frequency  of  this  molecule  if  the  other 
two  are  known . 

Spectra  recorded  during  an  exchange  experiment  are 

12 

shown  m  Figure  II-4.  The  four  bands  due  to  the  all  CO 
molecule  are  seen  labelled  A,  B,  C,  and  D,  at  the  start  of 
the  exchange  reaction,  together  with  various  small  peaks 

13 

which  may  be  due  to  CO  containing  molecules  present  m 

natural  abundance.  As  the  exchange  progresses  some  of 

these  bands  gain  intensity. 

Bands  E,  F,  and  G  gain  intensity  most  rapidly.  Bands 

E  and  G  are  readily  assigned  independently  of  the  assign- 

12 

ment  of  the  two  central  all  CO  bands.  Band  E  is  shifted 

13  cm  "  from  band  A,  and  the  magnitude  of  this  shift 

13 

indicates  it  is  due  to  molecules  with  a  C  substituted 

into  one  of  the  positions  of  set  2  i.e.  molecule  (b)  in 

the  illustration  on  page  44.  The  position  of  band  G 

13 

indicates  that  it  must  be  due  to  the  other  possible  CO 

13 

substitution  product,  with  a  CO  m  set  1.  It  cannot 
arise  from  the  molecule  substituted  in  set  2,  since  the 
lowest  energy  band  of  this  molecule  is  derived  from  the 
B^  band  of  the  parent  molecule,  with  a  band  unshifted  from 
the  position  of  the  B2  band.  Thus  the  shift  of  G  and  E 
from  the  positions  of  bands  B  or  C ,  when  added  to  the 
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2150  2100  2050  2000  2150  2100  2050  2000 

cm'1  cm'1 

FIGURE  II-4 

Carbonyl  stretching  spectra  of  cis  tetracarbony 1 

3  3 

ruthenium  diioclide  during  exchange  with  CO 
enriched  carbon  monoxide . 
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shift  of  band  E  from  band  A  is  greater  than  would  be  allowed 
from  the  product  rule  for  a  monosubstituted  molecule. 

Band  G  must  therefore  be  due  to  molecule  (c) .  This 
indicates  that  the  molecule  is  exchanging  in  both  types  of 
carbonyl  positions  and  gives  four  bands,  A,  E,  D,  and  G 
whose  assignment  is  unquestionably  correct.  Calculations 
with  an  energy-factored  force  field  using  bands  A,  B,  C,  D, 

E,  and  G,  and  with  both  possible  assignments  of  bands  B 
and  C  still  show  that  both  assignments  can  be  fitted  quite 
well.  Consideration  of  the  position  of  band  F  now  provides 
a  definite  assignment  of  bands  B  and  C. 

13 

Band  G  is  due  to  molecules  substituted  with  CO  m 

set  1.  This  molecule  will  have  one  band  at  the  same  position 

12 

as  the  B-^  band  of  the  all  ‘C  molecule,  one  shifted  very 

(2 ) 

slightly  from  the  A^  band  and  two  shifted  more  appreciably 
from  the  a|^  and  B^  positions  (vide  supra) .  The  lowest 
band  has  been  identified  as  band  G,  shifted  35  cm  ^  from 
the  B^  band.  The  uppermost  band  (expected  between  bands  A 
and  E)  is  not  observed  during  the  course  of  the  exchange. 

Even  if  the  uppermost  band  is  completely  unshifted  the  pro¬ 
duct  rule  requires  that  the  third,  intermediate  A'  band 

~1  (1 ) 

cannot  be  shifted  more  than  13  cm  from  the  A^  band 
position,  and  will  probably  be  shifted  less,  depending  on 
the  shift  of  the  uppermost  band.  Band  F  is  observed  to 
grow  in  a  position  5  cm  1  from  band  C,  and  16  cm  ^  from 


band  B.  Thus  band  C  must  be  the  lower  band  of  the  all 
12 

C  molecule. 

The  possibility  that  band  F  belongs  to  the  same  mole¬ 
cule  as  band  E  may  be  eliminated,  since  in  this  case  the 
product  rule  would  lead  to  the  prediction  of  the  appear¬ 
ance  of  a  third  band  at  about  2077,  for  the  assignment 
given  above,  or  at  about  2080  if  the  assignment  of  bands 
B  and  C  is  reversed.  No  bands  are  observed  to  grow  in  this 
region  during  the  first  stages  of  the  reaction,  while  bands 
E,  F,  and  G,  are  appearing,  so  that  band  F  can  only  be 
assigned  to  the  molecule  shown  as  (c) . 

The  positions  of  the  seven  bands  now  clearly  assigned 

may  be  used  to  compute  a  set  of  force  constants,  with  which 

13 

the  remaining  band  positions  due  to  both  mono  and  bis  CO 
substituted  molecules  may  be  predicted.  By  this  means  most 
of  the  bands  observed  during  the  course  of  the  exchange  were 
identified.  The  observed  positions  of  these  bands  were 
included  in  the  final  force  constant  calculations.  Observed 
and  calculated  band  positions,  and  the  force  constants  cal¬ 
culated  from  them  are  given  in  Table  11-7.  The  calculated 
positions  of  unobserved  bands  indicate  that  these  bands  would 
have  been  obscured  by  bands  due  to  other  molecules  present 

in  higher  concentration.  In  particular  many  of  the  bands 

]  3 

expected  for  bis  '  CO  substituted  molecules  would  be  buried 

12  13 

beneath  bands  due  to  all  "^CO  or  mono  CO  molecules.  Some 


bands  were  observed  after  long  periods  of  exchange  which 


51. 


could  be  assigned  to  such  molecules. 

The  analogous  compound  cis  jCl  Ge) ^Ru  (CO) ^  also  ex- 
13 

changes  with  CO  in  solution  although  much  more  slowly 
than  the  diiodide.  Spectra  produced  during  an  exchange 
experiment  with  the  tr ichlorogermanium  compound  are  shown 
in  Figure  II-5„ 

Only  three  bands  are  observed  in  the  spectrum  of  the 

12 

all  CO  molecule,  but  the  high  intensity  of  the  lowest 
band  shows  that  either  the  or  band  is  accidentally 
degenerate  with  the  B?  band.  The  position  of  the  single 
line  observed  in  the  spectrum  of  the  trans  isomer  indicates 
that  the  B^  band  is  more  likely  to  be  the  one  degenerate 
with  the  B^  band,  and  calculations  made  with  the  Cotton 
Kraihanzel  equations  applied  with  the  spectrum  fitting 
procedure  discussed  previously  show  that  the  assignment 
can  be  fitted  more  accurately  than  the  other  possibility 
as  shown  in  Table  II-5. 

13 

During  the  course  of  an  exchange  reaction  with  CO 

various  lines  are  observed  to  grow  in  the  spectrum  of 

(Cl^Ge) (CO) ^ .  No  line  is  observed  comparable  to  band 

E  in  the  spectrum  of  the  di iodide,  although  a  band  does 

grow  after  long  periods  of  exchange  quite  close  to  the 

12 

highest  band  of  the  all  C  molecule.  This  indicates  that 
only  the  carbonyls  of  set  1  are  exchanging,  and  the  lines 
produced  during  the  ^ CO  exchange  can  all  be  identified  on 
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FIGURE  II -5 


Carbonyl  stretching  spectra  of  cis  bis trichloro- 

germanium  ruthenium  tetracarbonyl  during  exchange 
13 

with  'CO  enriched  carbon  monoxide. 
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this  basis. 

Bands  D,  E ,  and  F  (which  appears  some  time  after  D 

and  E)  are  assigned  to  molecules  with  one  '  CO  substituted 

into  a  position  of  set  1,  while  bands  which  appear  later 

still,  G,  H  and  the  unresolved  shoulder  I,  are  assigned  to 

the  disubstituted  molecule  with  both  carbonyls  of  set  1 

13 

replaced  by  CO.  Computations  based  on  this  assignment 

lead  to  a  set  of  force  constants  which  duplicate  the 

observed  frequencies  very  well,  with  the  exception  of  the 

12 

and  B^  bands  of  the  all  CO  molecule.  Since  only  one 

measurement  is  involved  in  determining  both  frequencies  the 

statistical  weights  assigned  to  these  two  frequencies  were 

set  at  an  arbitrary  value  of  0.5  times  the  reciprocal  of 

the  frequency  parameter,  relative  to  the  weights  of  the 

other  line  positions  which  were  taken  as  the  reciprocal 

frequency  parameter  itself  (10,14) ,  as  was  done  for  all 

other  calculations  reported  herein. 

This  computation  also  yielded  the  estimated  positions 

of  lines  which  would  be  exhibited  by  molecules  substituted 
1 3 

with  CO  in  a  position  of  set  2.  The  uppermost  line  due 
to  such  molecules  is  predicted  to  be  in  a  position  where  it 
would  not  be  obscured  by  lines  due  to  other  species  and 
should  be  readily  observable.  No  band  was  observed  in  this 
position  even  after  long  periods  of  exchange,  indicating 
that  the  carbonyls  of  set  2  were  not  exchanging  either  with 
free  CO  molecules  present  in  the  solution,  or  with  the  car- 


0 
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bonyls  of  set  1.  Direct  spectroscopic  evidence  for  stereo¬ 
specific  exchange  has  not  been  obtained  in  previous  exchange 
experiments  reported  in  the  literature  (29-34)  ,  Evidence 
has  been  obtained,  however,  that  rhenium  carbonyl  labelled 

13 

with  CO  in  a  radial  position  by  a  stereospecific  dis¬ 
placement  of  rhenium  pentacarbonyl  hydride  from  the  species 
HReo  (C0)^  does  not  scramble  carbonyls  in  the  axial  and 
radial  positions  in  solution  (49). 

The  exchange  of  the  carbonyls  of  set  1  in  cis 
(Cl-^Ge)  pRu  (CO)  ^  provides  an  example  of  the  trans  activating 
effect  of  halogeno  main  group  IV  ligands.  Such  effects  are 
well  established  in  square  planar  complexes  e.g.  of  Pt(ll) 
(50-52),  but  have  not  been  so  widely  recognised  in  octa¬ 
hedral  complexes . 

The  carbonyl  force  constants,  symmetry  coordinates 
and  observed  and  calculated  band  positions  for  the  two 
ruthenium  complexes  are  given  in  Table  II-7.  The  force 
constants  for  the  trichlorogermanium  compound  are  quite 
close  to  those  obtained  from  Cotton  and  Kraihanzel's  equa¬ 
tions  .  For  the  diiodide  there  is  an  increase  in  the 
separation  of  the  primary  stretching  constants,  with  a 
reduction  in  the  coupling  between  the  tv/o  sets  of  car¬ 
bonyls  almost  to  zero.  This  reduction  in  k  is  sur- 

prising  but  an  examination  of  the  estimated  errors  in 
the  force  constants,  which  are  derived  from  the  statistical 
approach  to  the  force  constant  determination  (10-14), 
reveals  that  this  value  has  a  large  uncertainty.  An 


' 
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examination  of  the  Jacobian  matrix  which  relates  the  force 

constants  and  band  positions  as  the  partial  derivatives  of 

the  vibrational  energies  with  respect  to  the  force  constants 

shows  that  none  of  the  bands  used  in  the  determination 

carries  very  much  information  about  the  value  of  k 

J  eq,ax 

This  is  the  reason  for  the  uncertainty  in  this  value,  as 

O 

expressed  in  the  estimated  error  (i.e.,  0.03  +  0.20  md/A) . 

The  low  value  of  k  implies  very  little  mixing 

eq,ax  1  J  ^ 

of  the  two  A^  symmetry  coordinates  in  the  normal  vibrations . 

( 2 ) 

The  A^  vibration,  which  is  composed  almost  entirely  of 
motions  of  the  two  carbonyls  trans  to  each  other,  cannot 
gain  much  intensity  from  motion  of  the  other  set  of  car¬ 
bonyls  if  this  value  is  accepted.  Cancellation  of  dipole 
moments  precludes  appreciable  intensity  arising  from  set  2 . 
The  observable  intensity  of  this  band  indicates  that  either 

a  higher  value  of  k  must  be  proposed  in  order  to  allow 

^  eq , ax  1  r 

motion  of  the  carbonyls  of  set  1  to  make  a  contribution  to 
the  intensity  of  this  vibration,  or  some  other  effect  such 
as  departure  of  the  carbonyls  of  set  2  from  colinearity, 
or  migration  of  charge  in  the  equatorial  plane  of  the 
molecule  during  stretching  of  the  trans  carbonyls  is 
operative.  It  would  be  intuitively  satisfying  to  assume 
that  k  is  larger  than  the  value  obtained  here,  as  is 

found  for  the  other  compounds  for  which  it  has  been 


determined  (34) . 
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A  summary  of  carbonyl  stretching  force  constants  for  those 
tetracarbonyl  molecules  which  have  been  examined  by  iso¬ 
topic  enrichment,  and  the  corresponding  constants  which 
have  been  determined  from  the  Cotton  Kraihanzel  equations 
is  presented  in  Table  II-8.  Values  of  the  primary  stretch¬ 
ing  constants  determined  by  the  two  methods  are  very 
similar,  implying  that  values  obtained  for  other  molecules 
using  the  simplified  equations  alone,  and  without  the  extra 
data  obtained  by  isotopic  enrichment  are  as  good  approxim¬ 
ations  to  the  real  values  as  can  be  obtained  without  a 
complete  normal  coordinate  analysis.  Isotopic  enrichment 

can,  however,  indicate  the  assignment  of  bands  observed 

12 

for  the  all  CO  molecule  m  those  frequent  cases  where 
the  Cotton  criteria  do  not  yield  a  definite  choice. 
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TABLE  I 1-8 

Carbonyl  Stretching  Force  Constants  for  Some  Cis  Disub- 
stituted  Octahedral  Metal  Tetracarbony Is 


Compound 

ki 

k2 

k 

eq  ,  ax 

k 

eq  ,eq 

k 

ax ,  ax 

k. 

l 

Fe(CO)4Br2 

17.62 

18.26 

.  15 

17.65 

18.21 

.17 

.  30 

.26 

17 .62 

18.29 

.10 

.22 

.  34 

Fe(CO)4I2 

17.42 

17 . 83 

.  16 

17.40 

17.81 

.  17 

.27 

.  28 

17.45 

17 . 86 

.16 

.  28 

.  30 

Ru(CO) 4I2 

17.55 

18.31 

.  20 

17 . 49 

18.37 

.03 

.  25 

.47 

Ru  (CO) 4  (GeCl 3 ) 2 

18.10 

18 . 24 

.18 

18.10 

18 . 26 

.  18 

.21 

.  39 

a,  This  work  using  least  squares  fit  of  Cotton  Kraihanzel 
equations  ; 

13 

b,  This  work,  using  CO  enrichment. 


Source 

a 

34 

33 

a 

34 
33 

a 

b 

a 

b 
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The  iron  and  ruthenium  compounds  discussed  in  this 
chapter  were  all  available  in  this  laboratory  from  previous 
work  (37,47) . 

Measurement  of  Infrared  Spectra. 

Infrared  spectra  were  recorded  on  a  Perkin-Elmer  337 
grating  spectrometer  with  ordinate  scale  expansion  onto  an 
external  recorder.  The  spectrometer  was  equipped  with  a 
slow--speed  drive  motor,  which  gave  a  scan  speed  of  39  cm  ^ 
min  ^ ,  and  was  employed  with  a  recorder  drive  speed  of  3 
in. min  so  that  1  cm  of  chart  paper  represented  a  5  cm  ^ 
region.  Each  spectrum  was  calibrated  by  reference  to  the 
2147  cm  ^  line  of  the  gaseous  carbon  monoxide  spectrum. 

The  linearity  of  the  wavenumber  scale  over  the  region  of 
interest  was  established  by  measurement  of  the  rotation- 
vibration  spectra  of  carbon  monoxide,  deuterium  chloride 
and  deuterium  bromide.  Once  this  linearity  had  been 
established  a  calibration  strip  lying  upon  an  illuminated 
table  could  be  used  for  the  measurement  of  line  positions 
from  the  position  of  the  2147  cm  ^  band  of  gaseous  CO, 
which  was  superimposed  on  each  spectrum.  The  accuracy  of 
such  measurements  was  checked  from  time  to  time  by  measur¬ 
ing  the  CO,  DC1 ,  and  DBr  spectra,  and  was  found  not  to 
vary  significantly. 
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CO  Enrichment  Reactions.  Carbon  monoxide  enriched  to 

13 

about  50  mol  %  C  was  obtained  from  Merck,  Sharpe  and 
Dohme  of  Canada  Ltd.,  and  was  manipulated  in  a  glass 
vacuum  system  of  conventional  design  by  means  of  a  Toepler 
pump.  Exchange  reactions  were  performed  in  bulbs  con¬ 
nected  to  the  vacuum  system  by  ball  joints,  which  were 
sealed  together  by  melting  a  film  of  polyethylene  between 
the  ground  surfaces  and  allowing  the  joint  to  cool.  In 
this  manner  contamination  of  samples  with  grease  could  be 
avoided.  Samples  were  introduced  by  injection  through  a 
serum  cap  covering  a  small  side  arm  on  the  bulb. 


CO  Exchange  of  cis  (OCJ^RuI^  *  Bigorgne  has  shown  that 
cis  tetracarbonyl  ruthenium  di iodide  is  converted  into 
the  traps  isomer  by  the  action  of  light  (36) .  Exchange 
reactions  with  ruthenium  tetracarbonyl  compounds  were 
therefore  performed  in  the  dark,  with  minimal  handling  of 
solutions  in  the  presence  of  light. 

A  sample  of  (OC) ^Rul^  (5.0  mg,  0.01  mmol)  was  dis¬ 
solved  in  cyclohexane  (5  ml)  and  the  solution  filtered  and 
injected  into  a  reactor  of  approximately  45  ml  total  volume. 
The  reactor  had  been  previously  painted  black  to  exclude 
light  from  the  exchanging  solution.  The  solution  was 
thoroughly  degassed,  and  ~^C  enriched  carbon  monoxide  added 
until  the  pressure  reached  a  value  of  81.5  cm  Hg .  The  car¬ 
bon  monoxide  was  present  in  vast  excess  (ca . 


1.54  mmol, 


partial  pressure  ca  72  cm) .  Spectroscopic  samples  were 

withdrawn  from  time  to  time  as  the  exchange  progressed. 

Cis  bistrichlorogermyl  ruthenium  tetracarbonyl  was 
13 

exchanged  with  CO  in  a  similar  manner. 

Computations  were  performed  on  the  IBM  360/67 

machine  in  the  University  of  Alberta  Computing  Centre. 

Computations  using  the  CKFF ,  and  preliminary  computations 

13 

on  the  spectra  of  CO  enriched  compounds,,  were  performed 

with  programs  written  by  this  author  in  the  APL  language , 

running  under  the  various  on-line  terminal  systems 

employed  by  the  Computing  Centre  (APL/DOS ,  APL/CP/CMS, 

and  APL/OS) .  These  programs  are  listed  in  Appendix  2  at 

the  end  of  this  thesis.  Final  computations  on  the  spectra 
13 

of  CO  enriched  compounds  were  performed  with  a  local 
version  of  Schachtschneider ' s  program  FPERT  (11,12). 


Octahedral  Mono-substituted  Metal  Pentacarbony 1  Compounds 


Chapter  III 
Introduction 

Singly  substituted  metal  pentacarbony Is  have  been 
extensively  studied  over  the  past  decade .  Electrically 
neutral  compounds  of  this  type  generally  contain  a  transi¬ 
tion  metal  of  groups  VI  or  VII  bonded  to  a  ligand  contain¬ 
ing  a  donor  atom  of  main  groups  IV,  V  or  VI  (23,25,40,53)  . 

The  carbonyl  stretching  frequencies  of  compounds  of  this 
type  have  been  reported  by  many  workers,  and  have  been 
interpreted  in  terms  of  a  o-donor  TT-acceptor  theory  of 
both  the  metal-ligand  and  metal  carbonyl  bonds  (7,21,23,26, 
27,29,44,53).  These  interpretations  have  usually  been 
derived  from  approximate  force  constants  evaluated  with 
the  CKFF . 

The  effects  of  the  ligand's  ability  to  donate 
electrons  to  the  transition  metal  atom  in  a  a -donor  inter¬ 
action,  and  to  withdraw  charge  from  the  metal  atom  by 
accepting  electrons  through  a  r-type  orbital,  extend  through 
the  molecule  to  the  carbonyl  groups  themselves.  The  o 
effects  are  expected  to  operate  equally  on  all  five  carbonyl 
groups  (44) .  The  u  effects  are  transmitted  through  the 
metal  d  orbitals  and  are  expected  to  operate  unequally  on 
the  two  types  of  carbonyls.  Carbonyl  groups  are  thought 
to  be  capable  of  accepting  rr  charge  from  the  metal  into 
their  antibonding  tt  orbitals.  Semiempirical  molecular 
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orbital  calculations  have  shown  that  an  appreciable  delocal¬ 
isation  of  the  metal  atom’s  charge  into  these  orbitals  occurs 
in  metal  carbonyls  and  related  species  (54-57),  lessening 
the  buildup  of  charge  on  the  metal  from  the  o  donation. 

The  two  metal  atom  d  orbitals  (d  and  d  if  the  metal - 

xz  yz 

ligand  axis  is  taken  as  the  z  direction)  which  interact  with 
the  carbonyl  trans  to  the  ligand  in  this  fashion  are 
both  capable  of  interacting  in  the  same  way  with  the 
ligand.  Only  one  of  the  d  orbitals  which  interacts  with 
a  carbonyl  cis  to  the  ligand  can  interact  with  the  ligand 
itself,  since  the  other  is  in  the  equatorial  plane  of  the 
molecule . 

Using  this  argument,  and  the  assumption  that  the 
ligand  is  a  poorer  acceptor  of  tt -electrons  than  a  carbonyl 
group,  Cotton  proposed  that  there  would  be  a  greater 
delocalisation  of  TT-electron  density  into  the  it  antibonding 
orbitals  of  the  carbonyl  trans  to  the  ligand  than  into  those 
of  the  cis  carbonyls  (23) .  This  would  result  in  the  trans 
carbonyl  having  a  lower  stretching  force  constant  than  the 
cis  carbonyls,  and  Cotton  proposed  that  this  ordering  of 
the  force  constants  be  used  as  a  criterion  for  the 
acceptance  of  force  constant  sets  produced  from  different 
possible  assignments  of  the  carbonyl  stretching  spectra. 

It  follows  from  the  argument  outlined  above  that  the 
force  constants  of  a  related  series  of  compounds  may  be 
used  to  make  a  comparison  of  the  tt  and  a  effects  exerted 
by  different  ligands  (23,25,53).  Thus  a  qualitative 


. 
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comparison  of  the  force  constants  of  a  series  of  manganese 
and  rhenium  pentacarbonyl  derivatives,  with  ligands  con¬ 
taining  a  group  IV  atom  was  taken  to  indicate  that  tri- 
halogeno-group  IV  ligands  act  as  very  good  tt  acceptors  (53) 
although  not  approaching  the  carbonyl  groups  themselves  in 
this  respect.  This  approach  has  since  then  been  extended 
into  a  more  quantitative  method  of  assessing  the  relative 
o-donor,  and  Tr-acceptor  capabilities  of  a  series  of  related 
ligands . 

The  force  constants  used  for  these  comparisons  were 
evaluated  with  the  CKFF .  Since  the  simplifying  approxim¬ 
ations  used  by  Cotton  and  Kraihanzel  in  deriving  their 
equations  have  been  subject  to  some  criticism  (24) ,  it  was 
desirable  to  investigate  the  effects  these  approximations 
have  on  the  numerical  values  of  the  primary  stretching 
force  constants. 

One  such  investigation  was  that  of  Kaesz  and  his 

coworkers,  who  determined  the  force  constants  in  the 

carbonyl  block  of  the  vibrational  secular  equations  of  the 

manganese  and  rhenium  pentacarbonyl  halides,  using  addition 

1 3 

al  data  from  CO  substitution  (29,30)  .  This  approach 

still  contains  the  energy  factoring  approximation  since  the 
coupling  of  the  carbonyl  stretching  vibrations  to  the  lower 

energy  vibrations  of  the  molecule  is  neglected.  This  approx 
imation  will  be  discussed  in  more  detail  in  a  later  chapter 
The  primary  carbonyl  force  constants  derived  by  Kaesz  dif¬ 
fered  from  those  reported  by  Cotton  by  about  one  percent. 
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This  result  was  confirmed  by  Lewis  and  his  coworkers, 
1 8 

who  used  '  0  enriched  carbon  monoxide  to  exchange  with 
manganese  pentacarbonyl  bromide  (32) .  Both  groups  neglected 
the  effects  of  anharmonicity ,  using  uncorrected  frequencies 
for  their  calculations.  The  force  constants  thus  obtained 
may  be  referred  to  as  "effective  force  constants",  and 
Lewis  has  stated  that  such  constants  may  be  preferable  to 
mechanical  constants  in  that  " . . . enharmonic  perturbations 
are  electronic  in  origin  and ....  they  should  be  included  in 
the  treatment ,  and  not  necessarily  ' corrected  out1 "  ( 59 ) . 

Ideally  this  would  be  done  by  determination  of  both  mechani¬ 
cal  potential  constants  and  enharmonic  corrections.  The 
main  reason  for  study  of  the  carbonyl  stretching  region, 
however,  is  to  gain  a  quick  insight  into  electronic  effects 
obtaining  in  a  series  of  related  complexes;  which  the 
Cotton-Kraihanzel  equations,  or  the  energy  factored  force 
field  allow. 

An  application  of  the  energy  factored  method,  using 

13 

CO  enrichment  data,  to  compounds  previously  synthesized 
in  this  laboratory  and  analysed  with  the  Cotton  Kraihanzel 
equations  is  now  presented.  A  preliminary  report  of  some 
of  this  work  has  appeared  (62) .  The  results  reported 
therein  for  two  compounds  (triphenyl  tin  manganese  pentacar¬ 
bonyl  and  its  germanium  analogue)  have  since  been  shown  to 
be  in  error  (63) .  Corrected  results  are  given  here. 


Results  and  Discussion 
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The  carbonyl  stretching  vibrations  of  octahedral 
metal  pentacarbonyl  molecules  may  be  classified  as  belong¬ 
ing  to  2A^  +  +  E  representations  in  the  point 

group.  Three  of  these  vibrations  (2A^  +  E)  are  infrared 
active ,  so  that  three  absorptions  are  expected  in  the 
infrared  spectrum  and  are  usually  observed.  The  E 
vibration  causes  an  intense  absorption,  while  the  two  A^ 
vibrations  give  rise  to  less  intense  absorptions.  The 
intensity  of  the  A^  vibrations  arises  mainly  from  the 
motion  of  the  axial  carbonyl,  since  as  can  be  seen  from 
the  illustration,  contributions  from  the  radial  carbonyls 
will  largely  cancel  out,  unless  the  radial  carbonyl  groups 
are  shifted  significantly  from  coplanarity.  The  forms 
of  the  vibrations  and  the  symmetry  coordinates  are  illust¬ 
rated  below. 


X 

X 

r\  \s* 

\  1  / 
M 

A<2> 

A,(1) 

X  X 


Intensity  of  the  highest  energy  carbonyl  band,  which 

( 2 ) 

is  associated  mainly  with  the  A^  symmetry  coordinate,  thus 
arises  in  part  from  coupling  with  the  A^^  coordinate,  and 
to  some  extent  from  a  contribution  by  the  radial  carbonyls 
if  these  are  shifted  from  the  plane  of  the  metal  atom.  It 
should  be  noted  that  these  effects  can  cancel  if  the  radial 
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carbonyls  are  bent  towards  the  ligand  X  since  their  contri¬ 
bution  to  the  dipole  oscillation  will  then  be  in  opposition 
to  the  contribution  from  the  axial  carbonyl.  Such  an  effect 
would  also  tend  to  enhance  the  intensity  of  absorption  due 
to  the  lower  energy  A^  vibration,  in  which  the  axial  and 
radial  carbonyls  are  vibrating  with  opposite  sense. 

The  spectrum  of  a  typical  molecule  of  this  type, 

(CgH^ )  ^AsMo  (CO)  j-  is  shown  in  Figure  III-l.  The  assignment 
of  the  carbonyl  stretching  vibrations  of  molecules  of  this 
type  has  been  extensively  discussed  in  the  literature  (7,21, 
23,25,26,27,29,32,53).  The  E  band  is  the  strong  band  at 
1951  cm  ^  and  the  A.  bands  are  the  medium  band  at  2073  cm  \ 
and  the  peak  on  the  low  energy  side  of  the  E  band  at  1944  cm 
In  addition  the  band  shows  some  infrared  absorption 

at  1986  cm  The  infrared  activity  of  this  vibration 

has  been  ascribed  to  both  hot-band  mechanisms  (60),  and  to 

mechanical  or  electric  anharmonicity  (61) . 

1  ^ 

Carbon  may  be  substituted  into  either  the  axial 
or  equatorial  positions  in  the  molecule,  with  equatorial 
substitution  being  four  times  more  probable  than  axial 

13 

substitution.  The  symmetry  of  a  molecule  with  a  single  CO 
occupying  the  axial  position  will  be  unaffected  by  the 
substitution,  so  that  only  the  vibrational  modes  which  in¬ 
volve  the  axial  carbonyl  will  be  affected,  i.e.,  only  the 

13  . 

A1  vibrations  will  shift  upon  axial  CO  substitution. 

Since  the  lower  energy  A]  vibration  contains  a  larger  con¬ 
tribution  from  the  axial  carbonyl,  it  will  shift  to  a 
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FIGURE  II I -1 


Infrared  spectrum  of  triphenylarsine  molybdenum 
pen  cacarbonyl  in  the  carbonyl  stretching  region. 
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greater  extent  than  the  upper  A1 ,  and  will  gain  intensity 
due  to  decreased  coupling  with  the  upper  A^ ,  which  cor¬ 
respondingly  loses  intensity  and  shifts  to  a  lesser  extent. 

13 

Substitution  of  CO  into  a  radial  position  lowers 
the  molecular  symmetry  from  C.  to  C  .  The  vibrations  of 
this  substituted  molecule  may  be  classified  in  as 
belonging  to  4A‘  +  A"  representations.  These  vibrations 
may  be  correlated  with  the  vibrations  of  the  parent  mole¬ 
cule.  Thus,  the  A"  vibration  is  derived  from  one  member 
of  the  E  vibration  of  the  parent  molecule,  and  is  unshifted. 
The  4A'  vibrations  are  derived  from  the  2A^ ,  ,  and  the 

other  component  of  the  E  vibration.  The  A*  vibrations  will 
all  be  shifted  to  some  extent  from  the  positions  of  the 
vibrations  of  the  parent  molecule,  since  they  can  all  couple 

with  each  other.  The  uppermost  A'  vibration  will  be 

(2 ) 

shifted  further  from  the  A-^  vibration  of  the  parent 
molecule  than  was  the  A^  vibration  of  the  axially  sub¬ 
stituted  molecule,  since  the  radial  carbonyls  (one  of  which 
has  been  substituted)  make  the  greater  contribution  to  this 

vibration.  The  lowest  energy  A'  vibration  will  now  be 

13 

associated  mainly  with  the  radial  CO,  while  the  two 
intermediate  vibrations  will  be  shifted  to  some  indeter¬ 
minate  extent  from  the  positions  of  the  original  B  ^  and 
a|^  vibrations. 

The  spectrum  of  tr iphenylarsine  molybdenum  penta- 

13  . 

carbonyl  enriched  with  CO  is  shown  m  Figure  III-2. 

Various  new  bands  are  visible,  some  of  which  may  be  obser- 


I 


I 

I 

r 
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Carbonyl  stretching  spectrum  of  tripheny larsine 

1  1 

molybdenum  pentacarbonyl  enriched  with  CO. 
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ved  as  small  peaks  in  the  spectrum  of  the  unenriched 
material,  (Figure  III-l)  which  demonstrates  that  these 
small  bands  are  due  to  C  containing  molecules  present 
in  natural  abundance.  The  assignment  of  these  new  bands 
is  straightforward.  Two  bands  are  expected  at  low 
frequency,  one  from  each  of  the  possible  ^CO  substituted 
molecules,  and  are  expected  to  have  an  approximately  4:1 
intensity  ratio,  due  to  the  greater  probability  of  radial 
substitution.  The  less  intense  band  centred  at  1906  cm  ^ 
is  therefore  assigned  as  the  lower  A^  vibration  of  the 
axially  substituted  molecule,  and  the  more  intense  band  at 
1922  cm  ^  as  the  lowest  A'  vibration  of  the  radially  sub¬ 
stituted  molecule.  The  band  at  1980  cm  ^  must  be  the  A' 
vibration  of  the  radially  substituted  molecule  derived 
from  the  vibration  of  the  parent.  This  leaves  the  two 
uppermost  new  vibrations  to  be  assigned.  The  isotopic 
product  rule  (4)  predicts  that  the  upper  A,-^  vibration  of 
the  axially  substituted  molecule  should  occur  at  about 
2067  cm  ^ .  Since  the  uppermost  A'  vibration  of  the 
radially  substituted  molecule  is  expected  to  be  at  least 
four  times  as  intense  as  the  upper  A^  of  the  axially  sub¬ 
stituted  molecule,  and  there  is  only  one  vibration  in  the 
region  of  2067  cm  \  this  vibration  (at  2065  cm  is 
assigned  to  the  radially  substituted  molecule,  with  the 
band  due  to  the  axially  substituted  molecule  buried 
beneath  it.  The  small  band  at  2056  must  be  due  to  a 
multiply  substituted  molecule.  The  complete  assignment 


is  then  as  shown  in  Table  III-l. 


0 
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TABLE  III -1 

Assignment  of  Carbonyl  Stretching  Vibrations  for 
Triphenylar sine  Molybdenum  Pentacarbonyl 


All 


12 


C  molecule 


i  3 

Axially  *C  Substituted 
Molecule 


Radially  Substi¬ 

tuted  Molecule 


A1 

2073 . 5 

Ai 

not  obs. 

A' 

2  0  6  5  .  q 

A1 

1944 .0 

Ai 

1906  . 

A' 

1980. 

B1 

1986 .0 

Bi 

{1986} 

A' 

not  obs 

E 

1951 . 0 

E 

{1951} 

A' 

1922  ,Q 

A"  {1951} 
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1 1 

The  spectra  of  other  CO  enriched  molybdenum,  manganese, 
and  rhenium  pentacarbonyl  species  are  quite  similar  and 
the  assignment  follows  from  analogous  reasoning.  Band 
positions  for  the  compounds  studied  are  listed  in  Table 
111-2  . 

In  the  earlier  stages  of  this  work  an  erroneous 
assignment  was  derived  for  the  triphenyltin  and  triphenyl- 
germanium  derivatives  of  manganese  pentacarbonyl.  Force 
constant  calculations  based  on  this  assignment  converged 
to  a  set  of  constants  which  reproduced  the  observed  data 
very  well,  although  their  values  were,  not  surprisingly, 
anomalous.  A  preliminary  report  of  these  results  has 
appeared,  in  which  the  erroneous  force  constant  values 
led  to  the  conclusion  that  triphenyl-group  IV  ligands  were 
stronger  u-acceptors  than  the  corresponding  trihalogeno 
derivatives  (62) .  The  error  in  the  assignment  was  pointed 
out  by  Professor  D.  J.  Darensbourg  (63) ,  who  proposed  an 
alternative  assignment  which  was  in  agreement  with 
results  already  obtained  in  this  work  for  the  molybdenum, 
and  some  other  manganese  compounds.  The  corrected  assign¬ 
ment  gives  force  constant  values  quite  similar  to  those 
calculated  for  analogous  compounds  (vide  infra) . 

The  band  positions  may  be  analysed  in  various  ways 
to  give  approximate  carbonyl  stretching  force  constants. 
The  first  method  is  a  simple  application  of  the  Cotton 
Kraihanzel  procedure  to  evaluate  three  force  constants 
(two  primary  stretching  constants  and  a  generalised 
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"interaction"  constant) ,  from  the  A^  and  E  band  positions 
12 

of  the  all  CO  molecule  (23) .  A  collection  of  force  con¬ 
stants  evaluated  in  this  way  is  presented  in  Table  III-3. 
Most  of  these  constants  have  been  published  previously 
(53) ,  although  the  particular  values  listed  were  redeter¬ 
mined  for  this  work  from  the  line  positions  given  in 
Table  III-2. 

1  3 

The  additional  information  from  the  spectra  of  CO 
containing  molecules  may  be  used  to  refine  the  carbonyl 
constants  by  an  application  of  the  non-linear  least  squares 
method  (10-14) .  The  constraints  upon  the  interaction  con¬ 
stants  imposed  by  the  Cotton  Kraihanzel  equations  may  be 
retained,  giving  a  best  fit  of  the  frequencies  with  the 
CKFF ,  or  they  may  be  relaxed  to  allow  the  various  car¬ 
bonyl  force  constants  to  be  simultaneously  adjusted  in 
the  manner  of  the  energy-factored  force  field.  Values  of 
carbonyl  constants  derived  from  these  calculations  are 
presented  in  Tables  III-4  and  III-5  f  and  the  observed 
band  positions  used  for  input,  together  with  the  predicted 
band  positions  from  the  two  sets  of  calculations  are 
listed  in  Table  III-6. 

Comparison  of  Tables  III-3,  III-4  and  III-5  shows  that 
adjustment  of  the  Cotton  Kraihanzel  values  to  fit  the 
additional  data  does  not  alter  the  values  by  any  signifi¬ 
cant  amount.  The  addition  of  extra  interaction  force 
constants  in  the  energy  factored  calculation  alters  the 
primary  stretching  constants  a  little  more,  but  examination 
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TABLE  III-3 


Cotton-Kraihanzel  Carbonyl  Stretching  Force  Constants  for 

Some  Metal  Pent acarbony Is 

12 

(Evaluated  from  A-^  and  E  Band  Positions  of  All  Co  Molecules 

Only) . 


Compound 

ki 

k  2 

k  . 

l 

Cl0SiMn (CO) _ 

3  D 

16 . 87 

17.17 

.  22 

(C ,-H  ) _SiMn (CO) _ 
b  b  3  b 

16 . 36 

16.67 

.24 

Br^GeMn (CO) c 

3  b 

16.82 

17 . 33 

.  20 

(C^-H  )  _GeMn  (CO)  _ 
b  b  3  b 

16 . 33 

16.70 

.23 

Cl^SnMn (CO) _ 

3  b 

16.91 

17.31 

.20 

Br0SnMn (CO) c 

3  b 

16 . 88 

17 . 26 

.  20 

(CrHc ) 0SnMn (CO) c 
b  b  3  b 

16 . 34 

16.64 

.23 

(CH0 ) 0SnMn (CO) _ 

3  3  b 

16.29 

16 . 49 

.  24 

(CcHc) 0PbMn (CO) _ 
b  b  3  b 

16 . 35 

16 . 64 

.22 

C 1 0  S i Re (CO)  _ 

3  b 

16 . 79 

17 . 29 

.  26 

(CcHc) ~SiRe (CO) c 
b  b  3  b 

16.32 

16 . 86 

.27 

(c6h5) 3pmo(co) 5 

15.48 

15.95 

.  30 

(CrH „ ) _AsMo (CO) c 
b  b  3  b 

15.45 

15.97 

.30 

(C6H5) 3SbMo (CO) 5 

15.61 

16.00 

.29 

78. 


TABLE  III-4 


Refined  Cotton  Kraihanzel  Carbonyl  Stretching  Force  Constants 


for  some  Metal  Pentacarbony Is . 

(Evaluated 

from 

for  All 

"^CO,  and  Mono 

‘^CO  Molecules.) 

Compound 

ki 

k2 

k . 
i 

Cl .vSiMn  (CO)  c 

3  5 

16 . 859 

17 . 16  8 

.  21 

(C .H  ) _SiMn (CO)  c 

6  5  3  b 

16. 403 

16 . 69? 

.23 

Br 0GeMn (CO) c 

3  b 

16.84. 

b 

17 . 36 1 

.  20 

(C.H.) _GeMn (CO) _ 
b  b  3  b 

16 . 34] 

16 . 7  2q 

.  22 

Cl0SnMn (CO) c 

3  D 

16 .93Q 

17.310 

.  20 

BiuSnMn  (CO)  . 

3  5 

16. 8  8  y 

17.275 

.  20 

(C .H  ) _SnMn (CO) c 
b  b  3  b 

16 .35. 
b 

1 6 . 6  5-y 

.22 

(CH0 ) _SnMn (CO)  _ 

3  3  b 

16 . 3  33 

16 . 43g 

.  24 

(C6H5) 3PbMn (CO) 5 

16 . 34g 

16.64Q 

.21 

Cl.SiRe (CO) _ 

3  b 

16 .797 

17.29. 

b 

.25 

(C.HJ  _SiRe  (CO)  _ 
b  b  3  b 

16 . 33. 
b 

16.86^ 

.27 

(C.HJ  0PMo  (CO)  _ 
b  b  3  b 

1 5  •  4  9  Q 

15.95q 

.  30 ( 

(C.H.)  0AsMo  (CO)  _ 
b  b  3  b 

15.48Q 

1 5 . 9  7  Q 

.  30j 

(C6H5) 3SbMo (CO) 5 

15.594 

15.987 

.29 
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TABLE  III-5 

3. 

Carbonyl  Force  Constants  f or  some  Metal  Carbonyl  Species 
Evaluated  Using  the  Energy  Factoring  Model  and  all  Observed 


Band  Positions 

of  All 

12 

CO  and 

^  13 

Mono 

CO  Molecules 

Compound 

b 

kl 

k2 

k 

c 

1 

k 

c 

kt 

Cl0SiMn (CO) _ 

5  3 

16 . 79 g 

17 ,183 

.  14  . 

6 

.22? 

.453 

( C  .  H  )  SiMn  (CO)  . 

6  5  3  5 

16.38. 

3 

16.704 

'  2 1  8 

.23. 

6 

*  4 7g 

Br 0GeMn (CO)  . 

3  3 

16-912 

17.33. 

6 

.  25? 

*  17  2 

.  40  . 

3 

( C .H  )  GeMn (CO) _ 

6  5  3  5 

16 . 40 2 

16. 70c 

3 

•  2  7  4 

*  2 1 3 

•432 

Cl0SnMn (CO) _ 

3  5 

16 . 9  6  „ 

O 

17.34. 

6 

.  23  . 

3 

•138 

*451 

Br^SnMn (CO) 

3  3 

16 .96-, 

17  25 

24 

.  z<±8 

.177 

39 

*  4 

(C.Hc) 0SnMn (CO) _ 

6  5  3  3 

16 . 34  3 

16 . 6  6  2 

•214 

.  24  2 

42 

.^8 

(CH0  )  .SnMn  (CO)  _ 

3  5  3 

16 ,374 

16 .434 

'  27 4 

*  270 

41 

•  0 

(C  .H  ) PbMn (CO) _ 

6  3  3 

1 6 . 2  8  7 

I6.664 

.15g 

,270 

.  4°i 

Cl0SiRe (CO) _ 

3  3 

16 .77r 

5 

17 . 29  g 

.  24  . 

3 

.  25g 

•  52g 

(C  .H  )  Si  Re  (CO)  _ 

6  3  3  3 

16. 37. 

6 

16. 854 

•303 

25 

• 

.527 

(c6h5) 3pmo(co) 5 

15.47. 

5 

15.95? 

•  2  8. 

3 

.  30 

•  58g 

(C6H5) 3AsMo (CO) 

15.54. 

3 

15 . 9  5  3 

•  34  g 

•28g 

,563 

(C.Hc) 0SbMo ( CO ) . 

6  3  3  3 

1 5 . 4  64 

16 .02. 

6 

•146 

33 

.  Jjg 

*  6  I3 

O 

Values  in  mdynes/Angs trora 

Force  constant  designation  as  in  reference  23. 
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of  the  errors  in  Table  HI-6  shows  that  the  fit  to  the 
observed  frequencies  is  not  in  general  significantly  im¬ 
proved.  Apparent  improvements  in  the  fit  are  accomplished 
with  corresponding  loss  of  statistical  degrees  of  freedom, 
as  shown  by  the  standard  errors  in  Table  III-6.  For  some 
molecules  these  are  even  larger  when  the  energy  factored 
force  field  is  employed  than  those  obtained  from  the 
CKFF . 

Statistical  arguments  of  this  nature  are  rather  weak 
in  this  context,  since  there  is  only  a  small  excess  of 
data  over  the  number  of  force  constants  to  be  determined 
(cf .  reference  10,  page  85) .  It  is  sufficient  to  note 
that  both  the  refined  CKFF,  and  the  energy- factor ed  force 
field  yield  force  constant  values  close  to  those  obtained 
by  the  simpler  direct  application  of  Cotton  o.nd  Kraihanzel's 
equations ,  and  that  both  are  capable  of  reproducing  the 
observed  data  with  adequate  accuracy . 

The  close  agreement  between  the  force  constant  sets 
determined  by  the  simple  method  of  direct  solution  of  the 
Cotton  Kraihanzel  equations,  and  by  refinement  of  these 
constants  (either  in  the  CKFF  or  energy  factored  force 
field  models)  using  additional  isotopic  data,  is  a 
validation  of  the  force  constant  values  already  reported 
in  the  literature  (23,25,53).  Furthermore,  the  ligand 
ordering  in  terms  of  a  and  tt  effects  which  Graham  has 
proposed  (44) ,  and  which  would  be  directly  affected  by 
any  significant  alteration  in  the  force  constant  values, 
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is  unaltered. 

The  method  used  for  the  present  study  has  also  led 
to  the  computation  of  vibrational  eigenvectors.  These 
give  the  relative  amplitudes  of  motion  of  the  various 
carbonyls  during  the  course  of  any  particular  normal 
vibration  of  the  molecule.  The  two  A^  symmetry  coordin¬ 
ates  are  allowed  to  couple  in  the  normal  vibrations. 

The  appropriate  eigenvector  elements  indicate  the  extent 
to  which  this  occurs,  and  are  presented  in  Table  III-7. 

Due  to  the  simple  nature  of  the  G  matrix  (which  for 
energy-factored  analyses  of  carbonyl  stretching  vibrations 
is  merely  a  diagonal  matrix  of  the  reduced  masses  of  the 
carbonyl  groups),  and  since  there  are  only  two  vibrations 
of  A^  symmetry,  the  eigenvector  elements  are  simply 
related  by: 


and 


L11  L22 

Tj12  =  "L21 
2  2 

11  "12  PC0 


where  represents  the  relative  amplitude  of 

coordinate  i  in  vibration  j ,  and  y  is  the  reduced  mass 
of  the  CO  oscillator. 

The  axial  carbonyl  can  be  seen  to  be  moving  with 
about  one  third  of  the  amplitude  of  the  equatorial  car¬ 
bonyl  symmetry  coordinate  or  about  two  thirds  the  ampli¬ 
tude  of  each  individual  equatorial  carbonyl  during  the 
course  of  the  higher  energy  A ^  vibration.  Correspondingly, 
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TABLE  III -7 

Eigenvector  Elements  Expressing  the  Relative  Amplitudes 
of  the  A^  Symmetry  Coordinates  in  the  A^  Normal  Vibrations, 
and  Intensity  Ratios  (p)  of  A-^  Vibrations  Predicted  from  Them. 


^-Energy  Factored  Force 


/ - 

-  CKFF - 

/ 

\ 

Field 

Cl3SiMn (CO) 

L11 

.363 

L12 

.119 

P 

.  10? 

L11 
.  373 

i — 1 

CN  CO 

i — 1  o 
t-3 

P 

.047 

(C6H5) 3SiMn (CO) 

.  362 

.120 

.n0 

.  365 

.  113 

.096 

Br ~GeMn (CO) c 

3  5 

.  367 

.  104 

o 

00 

o 

• 

.357 

.  134 

•14i 

( CrH  ) _GeMn (CO) _ 

D  D  3  D 

.  364 

.116 

.10 

.  355 

.  141 

.  17  ? 

Cl0SnMn (CO) _ 

3  5 

.  365 

.112 

.094 

.  358 

.132 

•136 

Br3SnMn (CO) 

.365 

.  112 

,094 

.355 

.141 

•158 

(C6H5) 3SnMn (CO) 

.  362 

.120 

•no 

.364 

.114 

.098 

(CH0 ) 0  SnMn (CO) c 

3  3  o 

.  356 

.  137 

CO 

1 — 1 

• 

.350 

.  154 

*193 

(CrHc) 0PbMn (CO) c 
b  D  3  D 

.  362 

.  120 

,n0 

.  372 

.085 

.052 

Cl~SiRe (CO) c 
a  d 

.  365 

.  112 

,094 

.  369 

.  099 

.072 

(CrHc) 0SiRe (CO) c 
b  D  3  D 

.  365 

.  112 

.094 

.  360 

.  126 

‘  122 

(c6h5)  3pmo(co)  5 

.  363 

.  117 

,104 

.  365 

.  112 

•  0  9  4 

(CrHc ) 0AsMo (CO) c 
b  d  3  ~> 

.364 

.  116 

.  10 

.356 

.  137 

*  14  8 

(C^H  ) 0SbMo (CO) c 
b  d  3  3 

.  362 

.  120 

•“o 

.  377 

.058 

.024 

\ 


! 


93. 


the  axial  carbonyl  is  vibrating  with  about  three  times 
the  amplitude  of  the  equatorial  carbonyl  symmetry  co¬ 
ordinate,  or  about  six  times  the  amplitude  of  the  indiv¬ 
idual  equatorial  carbonyls  during  the  lower  energy  A^ 
vibration . 


The  ratio  of  the  A^  mode  intensities  (designated  p) 
may  be  predicted  from  the  eigenvector  values,  with  the 
assumptions  that  the  dipole  moment  derivative  of  the 
two  types  of  carbonyls  with  respect  to  the  carbonyl  bond 
lengths  are  equal,  and  that  the  equatorial  carbonyls  are 
essentially  coplanar  with  the  metal  atom.  This  ratio  is 
given  by  the  expression 


1  (2) 
A1 


IaU) 


l 


12 


L11 


Values  of  this  expression  are  included  in  Table 
III-7,  evaluated  from  eigenvector  elements  obtained  with 
both  the  refined  CKFF  and  the  energy  factored  force  field. 
Integrated  intensity  measurements  have  as  yet  been  per¬ 
formed  on  only  a  few  of  the  compounds  examined  in  this 
work.  The  intensities  of  the  molybdenum  compounds  have 
been  measured  (64),  insofar  as  the  accidental  near¬ 
degeneracy  of  the  lower  A^  and  E  band  exhibited  by  these 
compounds  will  permit.  The  intensities  for  these  com¬ 
pounds  were  found  to  be  very  similar.  This  is  more  in 
keeping  with  the  results  in  Table  I I I- 7  from  the  CKFF 
than  with  the  predictions  based  on  the  energy  factored 
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force  field.  The  predicted  values  for  this  ratio  are 
very  sensitive  to  slight  alterations  in  the  values  of 
the  eigenvector  elements,  which  in  turn  are  affected 
by  the  interaction  constants  used. 

The  validity  of  interaction  constants  calculated 
by  use  of  any  energy-factored  model  has  been  severely 
criticised  by  Jones  (48) .  As  is  shown  in  Tables  III- 
3  and  III-4,  and  in  Table  II-7,  interaction  constants 
evaluated  with  different  approximations  in  the  force 
field  are  not  generally  in  good  agreement.  Clearly, 
arguments  which  are  based  directly  or  indirectly  on 
these  values  must  be  approached  with  great  caution. 

Expressions  have  been  developed  by  Kaesz  (64), 
and  by  Brown  (58) ,  by  which  the  deviation  of  the 
equatorial  carbonyls  from  coplanarity  can  be  estimated 
from  the  experimentally  observed  intensity  ratios  and 
the  appropriate  eigenvector  elements.  Kaesz  used 
eigenvectors  obtained  by  use  of  the  energy-factored 
force  field.  Brown  employed  the  CKFF ,  and  made  a  trial 
calculation  on  one  compound  to  estimate  the  contribution 
from  the  M-C  stretching  coordinate  using  a  more  complete 
force  field  derived  earlier  by  Jones  (65)  for  molybdenum 
hexacarbonyl ;  he  found  the  carbonyl  stretching  eigen¬ 
vector  elements  were  only  slightly  affected  (about  two 
percent)  by  inclusion  of  the  lower-energy  vibrations. 

As  can  be  seen  from  Table  III-7  the  predicted  intensity 
ratios  are  very  sensitive  to  slight  variation  in  the 
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eigenvectors,  so  that  the  choice  of  force  field  will 
exert  some  influence  on  the  predicted  value  of  the 
interoscillator  angle. 

It  would  be  desirable  to  apply  these  expressions 
for  the  interoscillator  angle  to  the  compounds  studied 
here.  The  requisite  intensity  measurements  have  not 
yet  been  performed  however,  and  would  in  some  cases  be 
complicated  by  overlap  of  the  lower  and  E  bands. 
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Experimental 

Previous  workers  have  enriched  manganese,  rhenium, 

13 

and  iron  carbonyl  halides  in  CO  by  direct  exchange 
13 

with  CO  enriched  carbon  monoxide  (29,34).  Similar 
exchange  reactions  with  some  of  the  compounds  listed  in 
Table  III-2  were  attempted,  but  the  exchange  was  found 
to  progress  too  slowly  for  this  method  to  be  a  practical 
source  of  enriched  materials.  The  compounds  studied 

were  therefore  prepared  from  materials  which  could  be 

13  13 

readily  enriched  m  CO  by  exchange,  or  by  some  CO 

displacement  reaction. 

Manganese  carbonyl  derivatives  of  germanium,  tin, 

and  lead  were  thus  prepared  from  manganese  pentacarbonyl 

13 

chloride  which  had  been  previously  enriched  with  C  by 

13 

exchange  with  CO.  Manganese  carbonyl  derivatives  of 

silicon  were  prepared  from  enriched  manganese  carbonyl 

13 

obtained  from  pyrolysis  of  CO  enriched  manganese  penta¬ 
carbonyl  hydride,  while  trichlorosilyl  rhenium  penta¬ 
carbonyl  was  prepared  from  rhenium  carbonyl  obtained  by 

displacement  of  rhenium  pentacarbonyl  hydride  from 

13 

HRe^ (CO) ^  by  CO  enriched  carbon  monoxide  (66).  Moly¬ 
bdenum  pentacarbonyl  derivatives  were  prepared  from 
molybdenum  carbonyl  obtained  by  displacement  of  norborn- 

adiene  from  norbornadienyl  molybdenum  tetracarbony 1  with 

13 

CO  enriched  carbon  monoxide  (67) .  Specific  examples 
of  these  preparations  are  given  below. 
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13 

Synthesis  of  CO  enriched  triphenyltin  manganese  penta- 

carbonyl . 

A  solution  of  Mn(CO)^Cl  (500  mg,  2.17  mmol)  in  tetra- 

1 3 

hydrofuran  (35  ml)  was  stirred  under  CO  enriched  carbon 
monoxide  (700  mm  Hg  pressure,  ~70cc)  at  room  temperature 
for  8  days.  After  recovery  of  the  depleted  carbon  mon¬ 
oxide  the  solution  was  stirred  with  sodium  amalgam  (1%, 

200  g)  for  5  hours.  The  decanted  solution  was  then 
added  dropwise  to  a  solution  of  (C^H^)^SnCl  (850  mg,  2.2 
mmol) .  This  mixture  was  stirred  for  four  hours,  and  the 
product  obtained  by  evaporation  to  dryness,  followed  by 
extraction  with,  and  crystallisation  from,  a  mixture  of 
dichloromethane  and  n-hexane  (50/50),  to  give  white 
crystals  of  (C^H^ ) ^SnMn  (CO)  . 

13  . 

Synthesis  of  CO  enriched  tnchlorotinmanganese  penta- 
carbonyl . 

Triphenyltin  manganese  pentacarbonyl  (540  mg,  1 

13 

mmol)  enriched  in  CO  by  preparation  as  described  above, 
was  dissolved  in  n-hexane  (45  ml)  and  dry  hydrogen 
chloride  gas  was  passed  slowly  into  the  solution  with 
stirring.  A  white  precipitate  formed  after  about  45 
minutes.  Addition  of  hydrogen  chloride  was  continued 
for  four  hours,  after  which  the  precipitate  was  filtered 
off,  and  recrystallised  from  dichloromethane-n-hexane 
mixture  to  give  white  crystals  of  trichlorotin  manganese 
pentacarbonyl . 
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Triraethyltin ,  triphenyllead ,  triphenylgermanium, 
tribromogermanium  and  tribromotin  derivatives  of  man¬ 
ganese  carbonyl  were  prepared  by  similar  methods. 

13 

Synthesis  of  CO  enriched  trichlorosilylmanganese 

pentacarbonyl . 

A  solution  of  manganese  pentacarbonyl  hydride  (533 

13 

mg,  2.7  mmol)  in  n-hexane  (40  ml)  was  stirred  under  CO 
enriched  carbon  monoxide  (750  mm  Hg)  for  six  days.  The 
solution  yellowed  appreciably  during  this  exchange  indi¬ 
cating  some  conversion  to  manganese  carbonyl.  The 
solution  remaining  after  recovery  of  the  carbon  monoxide 
was  heated  to  150°  in  a  sealed  tube,  in  order  to  complete 
the  conversion  to  manganese  carbonyl,  which  was  sub¬ 
sequently  recovered  by  evaporation  to  dryness  and  sublim¬ 
ation  . 

13 

CO  enriched  manganese  carbonyl  (150  mg)  prepared 
as  above  was  dissolved  in  tricb lorosilane  (10  ml)  and 
the  solution  was  heated  at  155°C  in  a  sealed  tube  for 
two  hours,  when  the  yellow  colouration  was  discharged. 
White  crystals  appeared  when  the  solution  was  cooled  to 
-80°C.  The  product  was  isolated  by  evaporation  of  the 
trichlorosilane ,  followed  by  extraction  with  and  crystal¬ 
lisation  from  dichloromethane-n-hexane  mixture. 

Triphenylsilyl  manganese  pentacarbonyl  was  prepared 


by  a  similar  method. 


i 


> 
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13 

Synthesis  of  CO  enriched  rhenium  c arbonyl 

A  sample  of  HRe^(CO)^  (340  mg,  0.36  mmol)  was 

1 3 

dissolved  in  n-hexane  (40  ml)  and  stirred  under  CO 
enriched  carbon  monoxide  for  three  days.  Rhenium 
carbonyl  was  isolated  from  the  reaction  products  by 
evaporation  of  the  n-hexane,  which  carried  rhenium 
pentacarbonyl  hydride  with  it,  followed  by  sublimation 
of  the  residue  at  40°C. 

Tr ichlorosi lylrhenium  pentacarbonyl  was  prepared 
from  the  enriched  rhenium  carbonyl  by  treatment  with 
tr ichlorosilane  in  a  manner  similar  to  that  described 
above  for  the  manganese  analogue. 


13 

Preparation  of  CO  enriched  molybdenum  hexacarbonyl . 

Norbornadienyl  molybdenum  tetracarbonyl  (500  mg) 

was  dissolved  in  n-hexane  (25  ml)  and  the  solution 

13 

stirred  under  CO  enriched  carbon  monoxide.  After  one 

day  the  solution  exhibited  strong  carbonyl  bands 

13 

attributable  to  molybdenum  hexacarbonyl  and  CO  sub¬ 
stituted  molybdenum  carbonyl.  The  excess  carbon  mon¬ 
oxide  was  recovered,  and  the  enriched  molybdenum  hexa¬ 
carbonyl  isolated  by  crystallisation  from  the  filtered 
reaction  mixture.  Further  purification  was  effected  by 
sublimation  under  vacuum  at  room  temperature. 


13 

Synthesis  of  CO  enriched  tr lphenylphosphine  molybdenum 

pentacarbonyl 
13 


CO  enriched  molybdenum  hexacarbonyl  (250  mg), 
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prepared  as  described  above,  was  heated  with  triphenyl- 
phosphine  (250  mg)  in  an  evacuated  sealed  tube  at  160° 
for  20  hours.  The  pale  yellow  crystals  which  formed  in 


the  tube  on  cooling  were  extracted  with 

dichloromethane , 

and  the  product  isolated  by  evaporation 

of  the  dichloro- 

methane  solution  and  crystallisation  of 

the  residue  from 

a  dichloromethane-hexane  mixture. 


I 
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Tetracarbonyl  Cobalt  Derivatives 

Chapter  IV 
Introduction 


Derivatives  of  cobalt  carbonyl  containing  a  metal- 
metal  bond  between  cobalt  and  an  element  of  main  group  IV 
have  been  known  for  some  years  (68,69) .  Various  techniques 
have  been  employed  in  investigations  of  such  compounds, 
including  structural  determinations  (70,71),  nuclear 
quadrupole  resonance  (72,73),  and  vibrational  spectroscopy 
(17,74,75,76) . 


The  structural  studies  have  shown  that  the  structure 
of  the  cobalt  tetracarbonyl  part  of  these  molecules  has  a 
trigonal  pyramidal  structure  (70,71).  The  simply  substituted 
derivatives  of  the  type  (OC) ^CoMX^  belong  therefore  to  the 
point  group  C^v .  It  is  not  possible  to  separate  the  metal 
atom  orbitals  into  sets  which  are  used  exclusively  for 
either  a  or  tt  molecular  orbitals  under  this  point  group. 
Consequently,  simplifications  such  as  Cotton  was  able  to 
propose  for  the  carbonyl  stretching  force  field  elements 
of  octahedral  metal  carbonyl  derivatives  cannot  be  formulated 
for  these  compounds. 

Cobalt  tetracarbonyl  derivatives  of  the  type  (OC)^CoMX^ 
exhibit  three  carbonyl  stretching  bands  (2A^  +  E)  in  their 
infrared  spectrum  (17,68,74,76).  Since  there  are  four 
distinct  carbonyl  stretching  force  constants  for  these  mole¬ 
cules  (primary  stretching  constants  for  the  axial  and 
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equatorial  carbonyls,  and  interaction  terms  between  the 
axial  and  equatorial  carbonyls  and  linking  the  equatorial 
carbonyls  themselves),  determination  of  the  force  constants 
from  the  spectra  of  isotopically  unenriched  compounds 
presents  the  usual  problem  of  indeterminacy.  The  force 
constants  for  compounds  of  this  type  have  only  been  deter¬ 
mined  as  relationships  based  on  geometric  expressions  of 
the  secular  equations  (74),  or  with  arbitrary  simplifications 
based  on  intuitive  and  somewhat  obscure  considerations  of 
bonding  theory  (75) .  The  lower  energy  region  of  the  spectra 
of  some  of  these  compounds  has  been  published  (17),  and 
vibrational  analyses  of  the  lower  energy  vibrations  of 
these  molecules  have  been  performed  in  order  to  study  the 
force  constants  of  the  metal-metal  bond  itself  (17,77).  In 
these  analyses  the  carbonyl  stretching  force  constants 
were  taken  as  constant  throughout  a  series  of  related 
compounds,  and  as  having  little  effect  on  the  lower  energy 
vibrations.  The  converse  of  this  argument  forms  the  basis 
of  a  justification  for  the  energy-factoring  procedure  which 
will  be  presented  later. 

The  present  chapter  presents  the  results  of  an  investi¬ 
gation  of  the  carbonyl  stretching  region  of  the  spectrum 
for  some  simple  cobalt  carbonyl  derivatives  using  the 
isotopic  enrichment  technique  and  a  simple  energy-factored 


force  field. 


’ 
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Results  and  Discussion 

The  spectra  of  X-Co  (CO) ^  type  molecules  have  three 
bands  (2A^  +  E)  in  the  carbonyl  stretching  region,  assuming 
that  the  group  X  has  either  threefold,  or  cylindrical 
symmetry.  The  spectrum  of  a  typical  molecule  of  this  type, 
trimethyltin  tetracarbonyl  cobalt  is  shown  in  Figure  IV-1. 

A  pictorial  representation  of  the  symmetry  coordinates  for 
the  three  vibrations  is  shown  in  the  illustration  below: 


XXX 


The  two  A-^  symmetry  coordinates  are  expected  to  couple  in 
the  normal  vibration.  It  has  been  shown  that  the  sum  of  the 
intensities  of  the  two  A^  vibrations  should  be  approximately 
one  third  of  the  intensity  of  the  E  band,  if  the  equatorial 
carbonyls  do  not  depart  significantly  from  coplanarity  with 
the  central  metal  atom  (26).  The  A^  bands  can  then  be 
readily  assigned  as  the  two  weaker  bands  in  the  spectrum. 
This  assignment  has  been  confirmed  by  Raman  polarisation 
studies  (17) . 

It  has  been  demonstrated  by  means  of  radioactive  tracer 
studies  that  free  carbon  monoxide  exchanges  readily  in 
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FIGURE.  IV-1 


Infrared  spectrum  of  trimethyltin  cobalt  tetra 
carbonyl  in  the  carbonyl  stretching  region. 
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solution  with  trimethyltin  tetracarbonylcobalt  and  with  its 
triphenyl  analogue,  and  it  was  suggested  that  all  four  car¬ 
bonyls  exchange  at  the  same  rate  (78).  Observation  of  the 

carbonyl  stretching  spectra  of  these,  and  similar  spectra 

13 

during  an  exchange  reaction  with  CO  should  thus  reveal  new 
carbonyl  stretching  bands  due  to  isotopically  substituted 
molecules . 

Either  axial  or  equatorial  positions  around  the  cobalt 

13 

may  be  substituted  with  CO,  equatorial  substitution  being 
three  times  more  probable.  Accordingly,  isotopic  satellites 
of  the  carbonyl  bands  should  grow  about  three  times  more 
quickly  for  equatorially  substituted  molecules  than  for 

axially  substituted  molecules  during  the  course  of  an  exchange 

13  .... 

experiment  with  CO.  The  ratio  of  intensities  of  different 
isotopic  satellites  will  not  be  exactly  three  to  one, 
however,  due  to  the  different  forms  of  the  normal  coordinates 
for  related  vibrations  of  the  two  types  of  substituted 
molecule . 

The  spectrum  of  a  molecule  isotopically  substituted  in 
the  axial  position  will  be  similar  to  the  spectrum  of  the 

17 

all  JCO  molecule  since  the  symmetry  of  the  molecule  is  not 
changed  by  the  substitution.  The  E  band  will  not  be  affected, 
since  the  axial  carbonyl  is  not  involved  in  this  vibration, 
and  the  isotopic  shift  will  be  distributed  over  the  two  A^ 
bands.  The  lower  energy  A^  band  has  been  assigned  to  a 
vibration  mainly  of  the  axial  carbonyl  (17,68,74,75,76),  and 
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consequently  will  exhibit  most  of  the  isotopic  shift.  The 
higher  A^  will  also  shift,  but  by  a  smaller  amount.  Due 
to  their  increased  separation,  the  coupling  between  the 
two  A^  bands  will  decrease,  leading  to  a  gain  in  relative 
intensity  by  the  lower  of  the  two  bands  at  the  expense  of 
the  higher  band. 

Substitution  in  the  equatorial  position  does  alter 

the  symmetry  of  the  molecule,  however,  from  C^v  to  Co .  The 

molecule  should  now  exhibit  four  bands  in  the  carbonyl 

stretching  region  (3A'  +  A").  The  A"  mode  can  be  identified 

12 

with  one  of  the  E  vibrations  of  the  parent  all  CO  molecule, 
and  its  position  will  be  unaffected.  The  isotopic  shift  will 
be  spread  over  the  remaining  three  A'  vibrations. 

One  of  the  A'  vibrations  is  derived  from  the  A^  vibration 
associated  with  the  axial  carbonyl  of  the  parent  molecule, 
and  is  not  expected  to  shift  by  a  large  amount  since  it 
remains  unsubstituted.  The  other  two  A'  vibrations  are 
derived  from  the  other  A^  of  the  parent  and  from  one  com¬ 
ponent  of  the  E  vibration.  Both  should  be  appreciably 
shifted.  Since  it  appears  that  the  axial  and  equatorial 
carbonyls  are  extensively  mixed  in  the  A^  vibrations  of  the 
parent  all  ^2CO  molecule  (17,68,74,75,76),  it  is  difficult 
to  predict  whether  the  higher  A^  vibration  of  the  axially 
substituted  molecule,  or  the  highest  A'  vibration  of  the 
equatorially  substituted  molecule  will  be  shifted  more 
from  the  upper  A^  vibration  of  the  parent. 


' 
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During  an  exchange  experiment  bands  due  to  both 

equatorially  and  axially  substituted  molecules  were  observed, 

as  shown  in  Figure  IV-2.  At  the  start  of  the  exchange, 

bands  A,  B,  C,  and  D  are  seen.  Bands  A  and  B  are  the  two 

12 

A^  bands,  and  C  the  E  band  of  the  all  CO  molecule.  As 
the  exchange  progresses  band  D  rapidly  gains  intensity 
while  bands  E  and  F  become  discernible.  Finally  bands  G, 

H,  and  I  appear. 

These  new  bands  can  be  readily  identified  with  the 

13 

expected  modes  of  vibration  of  CO  substituted  molecules. 
Bands  D  and  F  are  the  lowest  bands  of  the  two  possible  mono- 
substituted  products.  Band  D  is  assigned  to  the  equatori¬ 
ally  substituted  molecule,  since  it  is  much  more  intense 
than  F,  which  is  assigned  as  the  lower  A^  band  of  the 
axially  substituted  molecule.  Band  D  cannot  be  due  to 
the  axially  substituted  molecule,  since  the  shift  from 
the  lower  A^  band  of  the  axially  substituted  molecule  (band 
B)  would  be  greater  than  the  product  rule  would  allow  (4), 
even  if  the  upper  A^  band  of  the  axially  substituted  mole¬ 
cule  were  completely  unshifted. 

Similarly  bands  E  and  G  may  be  assigned  as  the  high- 
energy  vibrations  of  the  monosubstitution  products.  Using 

the  positions  of  bands  A,  B,  and  F  it  is  possible  to  predict 

13 

the  position  of  the  higher  A-^  band  of  the  axially  CO 
substituted  molecule  from  the  isotopic  shift  of  band  F  and 
the  product  rule.  This  prediction,  indicates  that  band  G 
is  due  to  the  axially  substituted  molecule.  Band  E  must  then 
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be  due  to  the  equatorially  substituted  molecule.  The  greater 
intensity  of  band  E  relative  to  band  G  i-s  in  accordance  with 
the  expected  statistical  distribution  of  equatorially  and 
axially  substituted  molecules. 

The  third  A'  vibration  of  the  equatorially  substituted 
molecule  is  derived  from  the  lower  A^  vibration  of  the  par¬ 
ent  molecule,  band  B,  and  is  not  expected  to  be  greatly 
shifted.  This  band  was  not  clearly  identified  for  any  com¬ 
pound,  but  is  probably  the  cause  of  a  shoulder  observed  on 
the  low  energy  side  of  band  B  after  long  periods  of  exchange 
(cf .  Figure  IV-2d) . 

This  assignment  allows  the  calculation  of  a  trial  set 

of  force  constants  for  the  molecule,  from  which  the  band 

positions  of  all  possible  multiply  substituted  molecules  may 

be  predicted.  This  calculation  indicates  that  bands  H  and 

I  are  due  to  vibrations  of  the  disubstituted  molecule 
13 

with  both  CO '  s  equatorial.  These  bands  were  both  included 

13 

m  the  final  force  constant  evaluation.  If  CO  substitution 
into  the  molecule  is  non-stereospecific  (78),  the  distri¬ 
bution  of  disubstituted  molecules  should  be  equally  equatorial 
equatorial  and  equatorial-axial.  The  predicted  positions 
indicate  that  the  only  band  other  than  bands  H  and  I  which 
might  be  observed  is  the  highest  energy  A'  band  of  the 

axial-equatorial  bis  ^CO  molecule,  while  all  other  bands 

13 

will  be  buried  beneath  bands  due  to  mono  CO  substituted 
molecules,  which  would  be  present  in  much  higher  concentration 
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1  o 

The  highest  band  of  the  axial-equatorial  bis  ‘  uO  molecule 
was  not  definitely  observed  in  this  study,  although  the 
shoulder  visible  on  band  G  may  indicate  its  presence.  The 
observed  and  calculated  positions  of  all  the  bands  seen  are 
listed  in  Table  IV-1. 

Vibrational  overtone  and  combination  spectra  were 
recorded  for  some  representative  compounds  of  this  type. 

The  spectrum  of  a  typical  compound  (  (C^-H,- )  ^GeCo  (CO)  ^  )  is 
shown  in  Figure  IV-3 .  Overtone  and  combination  band 
positions  are  given  in  Table  IV-2.  No  gross  departure  of 
the  observed  line  positions  and  those  predicted  from  the 
observed  positions  of  the  fundamentals  is  revealed,  so  that 
the  anharmonic  corrections  will  be  small.  A  similar  conclusion 
was  reached  by  Kaesz  in  his  study  of  the  manganese  and  rhenium 
pentacarbonyl  halides  (29),  and  may  be  inferred  from  the  vi¬ 
brational  overtone  and  combination  spectral  data  reported  by 
Stiddard  (84)  for  other  manganese  pentacarbonyl  derivatives. 

Anharmonicity  corrections  to  the  carbonyl  stretching 
band  positions  of  the  group  VI  hexacarbony Is,  nickel  tetra- 
carbonyl,  and  of  pentacarbonyl  manganese  bromide  have  been 
made  by  Jones  (48,79)  .  It  was  concluded  that  the  corrections 
for  the  three  hexacarbonyls  as  a  group  are  very  similar,  and 
are  quite  comparable  to  the  corrections  for  manganese 
pentacarbonyl  bromide.  It  thus  seems  reasonable  to  assume 
that  anharmonicity  corrections  for  the  closely  related 
compounds  in  Table  IV-1  would  be  essentially  constant.  The 
determination  of  mechanical  frequencies  would  in  principle 
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TABLE  IV-1 


Symmetry  Coordinates  and  Observed  and  Calculated  Band 
.  .  13 

Positions  for  CO  Substituted  (OC) ^CoMX^  Molecules 


Symmetry  Coordinate 
Definition 

Observed 

Calculated 

CF3Co  (CO) 

4 

]  2 

All  -  Co 

Molecule 

MX0 

1  3  „ 

Ai 

l//3(Ar2+Ar3+Ar^) 

2129 . c 

5 

2126 . 3 

i  A3 

2  Co 

A, 

Ar . 

2066 

2062.8 

i\ 

1 

1 

0 

4 

1 

E 

1//6 (  2XAr  0  -Ar  3  -Ar^  ) 

2053. c 

3 

2053.8 

13 

One  CO 

Axial 

f3 

Ai 

1//3  ( Arr+Ar„-f-Ar  0) 
6/8 

2113. 0 

2113.9 

'  / 

6 - Co 

A1 

Ar  c 

3 

2026  .  c 

3 

2028.7 

One 

13co 

f3 

Equatorial 

A' 

1//2 (Ari0+Ar 11) 

2122. Q 

2120 . 3 

12*- 

CO^11 

A' 

A  r  Q 

— 

2061.5 

o 

1 — l 

/ 

- cr\ 

A ' 

9 

Ar12 

2016. 0 

2015.0 

Two 


Axi a 1 -Equatorial 


16 


f  3 
Co^ 


14 


1  "^15 


13 


A' 

1//2 (Ar14+Ar15) 

2101. 

5 

2105 . 7 

A' 

Arl3 

2030  . 

0 

2032 . 6 

A' 

&r16 

2013. 

5 

2012 . 0 

112 


TABLE  IV-1  (continued) 


13 

Two  CO  both  Equatorial 


MX- 

A' 

A  r 

20 

Ar17 

20  — 

00 

1 — 1 

A0 

— u 

i 

A* 

|  ^  19 

17 

A' 

l//2(Ar]8+Ar19 

A" 

l/i7!  (Ar18~Arig 

Cl3SiCo  (CO) 


13 


CO  Axial 


13 


A 

A1 

E 


1 


A 

A 


CO  Equatorial 


A' 
A  ' 
A' 


13. 


Two  CO  Axial-Equatorial 

A1 


A' 

A ' 

1 3 

Two  CO  both  Equatorial 

A ' 

A' 

A' 

A" 


2007.  <- 

D 

2118. 0 
2063. 0 
2037 .Q 

2104 .Q 
2028. 0 

2111. c 

O 


2000  .  c 
o 


2012. 

1991-0 


(C6H5) 3SiCo (CO) 4 


2092  . 
2030 . Q 
2003  .  Q 


2113.7 

2059 . 3 

2023 . 5 
2008.0 

2117 . 3 

2062.6 
2037.2 

2104.9 
2028 . 6 


2059 . 6 
2000 . 2 

2096 . 2 

2029.3 

1999 . 3 

2105.5 

2054.7 

2011.0 

1991.8 


2091 . 8 
2030.0 

2002 . 9 


TABLE  IV-1  (continued) 
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( C  6  H  5 ) 3SiCo(CO) 4 
13 

CO  axial 

1 

A1 

13 

CO  equatorial 

A' 

A ' 

A' 

13 

Two  CO  axial-equatorial 

A' 

A' 

A' 


2079 


0 


2085. 


0 


1967 


0 


2079.1 

1996.9 


2085.7 

2027.0 

1966.9 

2070 . 3 

1997 . 4 
1996.0 


13 

Two  CO  both  equatorial 

A' 

A' 


Cl3GeCo (CO) 4 


13 


13 


CO  axial 


CO  equatorial 


13, 


2079 . 0 
2021 . 7 


A' 

1978 . Q 

1978 . 0 

A" 

1958 . Q 

1958 . 2 

Ai 

2121- 7 

2121.7 

Ai 

2067  .  c 

D 

2067.4 

E 

2050  . 

2050.2 

Ai 

2108. 

2108 . 7 

Ai 

2032. c 

D 

2032 . 5 

A' 

2115 . c 

5 

2115 . 8 

A' 

2065.2 

A  ' 

2012. 0 

2012 . 1 

[uatorial 

A' 

— 

2101 . 3 

A ' 

— 

2034.6 

A ' 

— 

2010 . 6 

TABLE  IV- 1  (continued) 
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Cl^GeCo (CO) 

J  13  4 

Two  CO  both  equatorial 

A' 

2109 . 8 

A' 

2061.2 

A' 

2023  .  Q 

2021.8 

A" 

2004. 

2004 . 8 

Br3GeCo(CO)4 

2118. Q 

2117 . 1 

h 

2065. c 

3 

2064.6 

E 

2047. Q 

2046 . 7 

^CO  axial  A, 

2104 . Q 

2105.1 

Ai 

2029  . 

2030.0 

13 

CO  equatorial 

A' 

2111. _ 

5 

2111 . 4 

A' 

2062 . 3 

A' 

2008.  c 

D 

2008.7 

13 

Two  CO  axial-equatorial 

A' 

2096.9 

A ' 

2031 . 7 

A' 

2007.4 

13 

Two  CO  both  equatorial 

A ' 

2105.4 

A' 

2058.2 

A1 

2019  . 

2018.4 

A" 

2001 . 

2001 . 1 

I  GeCo(CO)  Ax 

211 2 . 4 

2111 . 6 

V 

20  60  .  q 

2059.6 

E 

2041 .  g 

2041.0 

"^CO  axial  A^ 

2098. 8 

2099 . 3 

Ai 

2025. 

2025.4 

TABLE  IV-1  (continued) 


I3GeCo (CO) 

13 

CO  equatorial  , 

A' 

A' 

13 

Two  CO  axial-equatorial 

A' 

A  ' 

A' 


2105. 


2002  .  c 
O 


2106.0 
2057  J- 

2003 . 1 

2091.1 
2027 . 0 
2001 . 8 


13 

Two  CO  both  equatorial 


A' 

2100 . 3 

A  ' 

2052 . 9 

A' 

2013. Q 

2012 . 8 

A" 

1995. Q 

1995.5 

(C.HJ  GeCo  (CO)  , 

6  5  3  4 

Ai 

2090  . 

2090 . 2 

b 

2028 . _ 
o 

2028 . 5 

E 

200  3.  r- 
5 

2003  .5 

■^CO  axial  A^ 

2078 . c 

D 

2078.5 

Ai 

1994 . 5 

]  3 

CO  equatorial  ^ , 

2084 

2083 . 8 

A' 

2025 . 9 

A' 

*  1967. Q 

1967.5 

13 

Two  CO  axial-equatorial 

A  ' 

2069 . 6 

A' 

1995.3 

A' 

1966 . 5 

13 

Two  CO  both  equatorial 


A'  -  2077.1 

A'  -  2021.1 

A’  1979.  1978.5 

A"  1959. Q  1958.9 


TABLE  IV-1  (continued) 


Cl3SnCo (CO) 

Ai 

2119  . 

2118 . 5 

Ai 

2067  . 

2066 . 5 

E 

2047. Q 

2046 . 7 

^CO  axial 

Ai 

2106. 

2106 . 8 

Ai 

2031  . 

2031.7 

^ ^CO  equatorial 

A' 

2113  . 

2112.7 

A1 

2064.0 

A  ' 

2010  .  Q 

2008.9 

Two  ^CO  axial- 

equatorial 

A' 

2098.4 

A' 

2033.1 

A  1 

2007 . 7 

1 3 

Two  CO  both  equatorial 

A' 

2106 . 8 

A  1 

2059 . 6 

A' 

2019 . Q 

2018.9 

A" 

1999  .  _ 

5 

2001.1 

Br3SnCo (CO) 4 

Ai 

2115. Q 

2114 . 9 

Ai 

2061. 

2061 . 9 

E 

2043. Q 

2042.5 

"^CO  axial 

Ai 

2102  .  _ 

5 

2102 . 3 

A! 

2028  .  c 

D 

2028.5 

13 

CO  equatorial 

A' 

2109. Q 

2109 . 4 

A' 

— 

2059 . 4 

A' 

2006  ^ 

2004 . 7 

1 3 

Two  CO  axial- 

equatorial 

A  ' 

2094.0 

A ' 

2029 . 5 

A' 

2003.4 

TABLE  IV-1  (continued) 


Br^SnCo (CO) ^ 

13 

Two  CO  both  equatorial 

A  ' 

2103.7 

A' 

2054.9 

A1 

2014 .0 

2014.4 

A" 

199  5.  r- 

D 

1997.0 

I^SnCo (CO) ^  A^ 

2108. Q 

2107 . 8 

Ax 

2055. Q 

2055.2 

E 

2035  . 

2034.4 

"^CO  axial  A, 

2095. Q 

2094  . 

Ai 

2022. Q 

2021.8 

13 

CO  equatorial  A' 

2102. Q 

2102 . 4 

A ' 

2052.5 

A ' 

1996. 

1996 . 8 

13 

Two  CO  axial-equatorial 

A' 

2086 . 6 

A' 

2023.0 

A' 

1995.7 

13 

Two  both  equatorial 

A' 

2096 . 8 

A  ' 

2047 . 8 

A’ 

2007. Q 

2006.7 

A" 

1989 

1989.1 

(C  H  )  SnCo(CO) 

Ai 

2086  .  c 

D 

2086.9 

L 

2027  .  Q 

2026 . 8 

E 

1998  . 

1997.1 

^CO  axial  A^ 

2075. Q 

2074 . 6 

A, 

1993 . 5 

1 

TABLE  I V-l  (continued) 
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(C6H5) 3SnCo(CO) 


'CO  equatorial  A' 

2080. 0 

O 

2080.7 

A' 

2023 . 7 

A  ' 

1961. 

1961.4 

13 

Two  CO  axial-equatorial 

A' 

2065 . 7 

A' 

1993.7 

A' 

1960.7 

13 

Two  CO  both  equatorial 

A' 

2074 . 4 

A' 

2018.2 

A' 

1971. 5 

1972.8 

A" 

1953. 

1952.6 

(CH3)  SnCo(CO)4  A 

2082  . 

2083.1 

b 

2019.5 

2019 . 2 

E 

1989  . 

1987 . 2 

■^CO  axial  A, 

2068 . c 
o 

2068.0 

Ai 

1988.6 

13 

CO  equatorial  A' 

2077. 

2077 . 6 

A' 

2015.5 

A' 

1951. „ 

D 

1951.7 

13 

Two  CO  axial-equatorial 

A' 

2059 . 5 

A' 

1988.5 

A' 

1951.1 

13 

Two  CO  both  equatorial 

A  ' 

2072 . 0 

A' 

2009 . 3 

A' 

1961. 

1963.0 

A" 

1942.9 

Two 


, 


TABLE  IV-1  (continued) 
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(C6H5 ) 3PbCo (c°)  4 

A1 

Ai 

E 

13 

CO  axial  A^ 

Ai 

13 

CO  equatorial  A' 

A' 

A' 

13 

Two  CO  axial-equatorial 

A' 

A' 

A' 

13 

Two  CO  both  equatorial 

A' 

A' 

A' 

A" 


2081. c 
b 


2022. 


0 


1997  . 


2069 


0 

•o 


2075. 


1960  . 


0 


2081 . 5 

2022.0 

1996 . 5 

2068.9 

1988.9 

2075 . 5 

2019 . 1 

1960  .  _ 
b 

2060 . 3 

1989.6 
1959  .6 


2069 . 4 
2014 . 0 
1971.3 
1952.1 


The  E  mode  of  the  axial  monosubs tituted  molecule,  and  the 
A"  modes  of  the  equatorially  monosubs tituted  and  radial- 
axial  disubs tituted  molecules  are  identical  with  the  E  mode 
of  the  unsubstituted  molecule,  and  are  omitted  from  this 
table . 


TABLE  IV-2 
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Observed  and  Predicted  Overtone  and  Combination  Band 
Positions  for  some  Cobalt  Tetr acarbonyl  Species 


2a|  2  ) 

2A-[1) 

2E 

a|2) +E 

Al1)+E 

4244 

41 29b 

4089 

4182C 

4167 

4188 

Gl^GeCo (CO)  „ 

4245 

4135 

4100 

4190 

417  3 

4118 

a 

4178 

4048 

3998 

410  8 

4088 

4030 

(C,HJ  „GeCo  (CO)  . 

4179 

40  57 

4007 

4118 

4092 

4032 

4239 

b 

412  8 

4084 

4 17  8C 

4163 

4115 

Cl.SnCo (CO) . 

4238 

4118 

40  80 

417  8 

4158 

409  8 

4169 

4043 

39  86f 

4099 

4078 

4016 

(CrHc ) _SnCo (CO) . 

417  2 

4048 

3992 

4110 

40  82 

4020 

4153 

4044 

397  4 

4085° 

4061 

4012 

(CrH  c )  PbCo (CO)  . 

4161 

4038 

39  86 

4019 

4073 

4012 

£ 

Predicted  band 

positions 

i  are 

given  in 

l  italic  script, 

and 

b 


are  based  on  observations  of  the  fundamental  band  positions 
in  carbon  tetrachloride  solution.  These  differ  slightly  from 
the  band  positions  in  hexane  solution  given  in  Table  IV-1 


and  are  as  follows:  (C6H5 ) 3GeCo (CO) 4  2090,  2028,  2003; 

Cl3SnCo(CO)  4  2119  ,  2060,  2040;  (C^SnCo  (CO)  4  2086,  2024  , 

1996;  (CrHc)  0PbCo (CO)  .  2080  ,  2019  ,  1993. 

6  5  3  4 

Broad,  not  well  resolved.  Position  uncertain. 


c 


Shoulder . 
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Footnotes  to  TABLE  IV-2  (continued) 


Extra  bands  at  4132  and  4073  cm  ^  were  observed  for  this 
compound . 

This  compound  exhibited  a  shoulder  at  4065  cm 

This  peak  is  very  broad  and  asymmetric,  possibly  with 
another  band  at  3973  cm  ^ . 


ABSORBANCE 
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2.35  2.40  245  2.50  2.55 

WAVELENGTH  (microns  ) 


FIGURE  IV- 3 

Carbonyl  stretching  overtone  and  combination  spectrum 
of  triphenylgermanium  cobalt  tetracarbonyl .  Bands 
marked  with  an  asterisk  are  not  assigned,  and  may  be 
due  to  an  impurity.  Similar  bands  were  not  observed 
in  other  spectra. 
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be  desirable  for  these  molecules ,  but  is  beyond  the  scope 
of  the  present  study.  The  necessity  of  measuring  overtone 
and  combination  spectra  for  the  isotopically  substituted 
molecules  could  present  difficulties  of  a  purely  technical 
nature  in  the  course  of  such  a  determination  due  to  the 
small  sample  sizes  commonly  employed  in  enrichment  experi¬ 
ments  . 

The  use  of  an  energy-factored  force  field  leads  to 
very  good  agreement  between  the  observed  and  calculated 
frequencies.  The  accuracy  of  force  constants  calculated  by 
this  method  has  been  challenged  recently  and  will  be  dis¬ 
cussed  later.  The  numerical  values  of  the  interaction  con¬ 
stants  are  particularly  open  to  question,  and  no  clear 
implications  may  be  drawn  from  them  at  present.  It  should 
be  noted  nonetheless  that  a  non-zero  positive  coupling 
between  the  CO  oscillators  must  be  present  in  the  "true" 
molecular  potential  function  (21,23),  and  constants 
calculated  with  energy-factored  fields  are  in  accordance 
with  this  requirement.  The  values  of  the  primary  stretching 
constants  might  be  altered  by  use  of  more  complete  force 
fields;  this  will  be  further  discussed  in  the  next  chapter. 
They  do  serve  as  a  useful  approximation  and  allow  meaningful 
comparisons  to  be  made  between  related  molecules. 

The  carbonyl  stretching  force  constants  for  the  cobalt 
complexes  studied,  which  are  listed  in  Table  IV-3,  reflect 
the  close  similarity  between  the  spectra  of  these  compounds. 
The  force  constants  vary  with  the  electronegativity  of  the 
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TABLE  IV-3 

cl 

Carbonyl  Stretching  Force  Constants  for  Some 


(OC) 4Comx3 

Molecules 

k 

k 

k 

k 

ax 

eq 

eq  f  ax 

eq ,  eq 

CF3Co (CO) 4 

17.62 

17.30 

0 . 30 

0 . 26 

Cl3SiCo (CO) 4 

17.58 

17.08 

0 .26 

0 . 31 

(C6H5)  3SiCo  (CO) 4 

17.08 

16 .55 

0 . 29 

0.35 

Cl3GeCo (CO) 4 

17.65 

17 . 26 

0 . 26 

0 . 27 

Br3GeCo (CO) 

17.59 

17.19 

0 . 25 

0 . 27 

I3GeCo (CO) 4 

17 .52 

17 . 10 

0 . 25 

0 . 27 

(C6H5) 3GeCo(CO) 4 

17.02 

16 . 56 

0 . 29 

0 . 34 

Cl3SnCo (CO) 4 

17.62 

17.20 

0 .25 

0.28 

Br3SnCo (CO) 4 

17 .57 

17.13 

0 . 25 

0 . 28 

I3SnCo (CO) 4 

17.46 

17.0  0 

0 .25 

0.27 

(C6H5) 3SnCo(CO) 4 

17.01 

16 .47 

0 .28 

0 . 36 

(CH3) 3SnCo (CO) 4 

16.98 

16 . 31 

0 . 30 

0 . 36 

(C6H5) 3PbCo(CO) 4 

16.93 

16.43 

0 .28 

0 . 33 

a  o 

Values  in  millidynes  per  Angstrom. 
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substituents  on  the  group  IV  atom,  as  is  expected  from  the 
earlier  observation  of  the  dependence  of  the  carboiiyl 
stretching  band  positions  on  the  sum  of  the  substituent 
electronegativities  (68).  The  axial  force  constant  is 
greater  than  the  equatorial  force  constant  for  all  of  the 
tetracarbonyl  cobalt  derivatives  investigated.  Both  force 
constants  are  decreased  by  increasing  electropositive 
character  of  substituents  on  the  group  IV  atom. 

This  trend  is  similar  to  the  trend  observed  in  the 

analogous  series  of  manganese  complexes,  as  may  be  seen 

by  comparison  of  Tables  IV-3  and  III-4.  High  values  of 

k  are  observed  for  the  halogenated  group  IV  ligands, 
ax 

suggesting  that  these  ligands  are  acting  as  strong  tt- 
acceptors  in  both  series  of  compounds.  A  similar  con¬ 
clusion  has  been  reached  by  Brown  et_  al.  from  analysis 
of  nuclear  quadrupole  resonance  (n.q.r.)  spectra  for  these 
complexes  (72,73).  The  n.q.r.  spectra  were  taken  to 
indicate  that  both  the  a-  and  TT-contributions  to  the  metal- 
ligand  bond  were  varying  in  the  series  of  ligands  with 
the  variation  in  electronegativity  of  the  groups  bonded 
to  the  group  IV  atom.  This  seems  eminently  reasonable  in 
view  of  the  complementary  characters  of  the  a  and  tt 
effects  proposed  for  metal-ligand  bonding  (44).  Structural 
and  mass  spectrometric  evidence  has  also  been  presented 
for  the  existence  of  Tr-bonding  in  silicon-transition  metal 
bonds  (70,80,81,82). 
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The  intensity  distribution  between  the  A^  modes  of 
these  carbonyl  derivatives  has  previously  been  explained 
in  terms  of  coupling  between  the  axial  and  equatorial 
carbonyls.  This  description  is  now  borne  out  by  calcu¬ 
lation  of  the  vibrational  eigenvectors .  The  eigenvector 
elements  for  these  compounds  expressing  the  normal  vib¬ 
rations  in  terms  of  the  symmetry  coordinates  are  listed 
in  Table  IV-4 .  There  is  little  variation  in  the  values 
among  the  compounds  studied. 

The  eigenvector  elements  show  that  the  motions  of 
the  equatorial  and  axial  carbonyls  are  extensively  mixed 
in  the  A^  normal  vibrations,  as  was  previously  speculated 
(68) .  This  coupling  is  perhaps  better  expressed  in 
terms  of  the  contributions  to  the  potential  energy  due  to 
each  symmetry  coordinate,  which  are  also  given  in  Table 
IV-4 .  It  can  thus  be  seen  that  the  axial  carbonyl  is 
contributing  about  40%  of  the  potential  energy  of  the 
upper  A^  vibration,  while  the  radial  carbonyls  similarly 
contribute  about  40%  of  the  potential  energy  of  the 
lower  vibration. 

The  symmetry  coordinate  eigenvectors  may  be  transformed 
into  relative  amplitudes  of  the  individual  carbonyl  stretches, 
as  are  given  below  for  average  values  of  the  eigenvector 
elements  in  Table  IV-4 


Axial  Amplitude  Radial  Amplitude 


Upper  A^  vibration 
Lower  A^  vibration 


-0 .28 


0 . 24 


9 


9 


0.16 


0.14 


4 


7 


> 

I 
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TABLE  IV-4 

Si 

Eigenvector  Elements  and  Potential  Energy  Distribution 


for 

(OC) 4comx3 

Molecules 

Ln 

1 

L12 

Upper  A-^ 

i — Vibration-^ 

S  S 

1  2 

Lower  A^ 

(  -Vibration  — , 

S  S 

1  2 

CF3Co (CO) 

0 . 24 

0 . 30 

1.07 

1.60 

1.50 

1.01 

Cl3SiCo (CO) 4 

0 .25 

0 . 29 

1.13 

1.51 

1.44 

1.07 

(C6H5) 3SiCo(CO) 4 

0 . 25 

0.29 

1.09 

1.50 

1.41 

1.02 

Cl3GeCo (CO) 4 

0 .25 

0 . 29 

1.10 

1.54 

1.46 

1.04 

Br3GeCo (CO) 

0 . 25 

0 . 29 

1.10 

1.52 

1.45 

1.05 

I3GeCo (CO) 4 

0.25 

0.29 

1.13 

1.49 

1.42 

1.08 

(C6H5) 3GeCo(CO)  4 

0 . 24 

0 . 30 

1 . 00 

1.57 

1.48 

0 . 94 

Cl3SnCo (CO) 4 

0.25 

0.29 

1.09 

1.54 

1.47 

1.04 

Br3SnCo (CO)  4 

0.25 

0 .29 

1.16 

1.4  8 

1.40 

1.10 

I3SnCo (CO) 4 

0 . 26 

0 .28 

1.18 

1.44 

1.37 

1 .12 

(CrHc) 0 SnCo (CO)  . 

0  .  24 

0 . 29 

1.06 

1 .51 

1 .41 

1.00 

(CH3) 3SnCo  (CO) 4 

0 . 26 

0 .28 

1.23 

1.33 

1.25 

1.15 

(C6H5) 3PbCo(CO) 4 

0 .25 

0 .29 

1.08 

1.48 

1.39 

1.02 

a 

L  matrix  and  potential  energy  distribution  elements  given 
here  represent  the  contribution  of  the  symmetry  coordinates 
to  the  normal  vibrations. 
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The  axial  carbonyl  is  found  to  be  vibrating  with  com¬ 
parable  amplitude  in  both  vibrations.  This  accounts  for 
the  approximately  equal  intensities  of  the  two  A^  modes 
for  most  of  these  complexes  (cf .  Figures  IV-1  and  IV-2a) . 
Accurate  intensity  measurements  on  the  spectra  of  these 
complexes  (83),  and  on  a  closely  related  series  of  tri¬ 
alkyl-group  IV  cobalt  tetracarbonyl  derivatives  (76) 
have  shown  that  the  ratio  of  the  A^  intensities  does  vary 
with  variations  in  the  ligand.  If,  as  seems  likely  on  the 
basis  of  the  results  reported  in  this  Chapter,  the  axial- 
equatorial  couplings  are  similar  throughout  this  series 
of  compounds,  the  intensity  variations  must  arise  from  a 
contribution  to  the  oscillating  dipole  moment  by  the 
equatorial  carbonyls.  This  could  arise  from  a  departure  of 

the  C  -Co-C  angles  from  90°,  as  has  been  shown  to  occur 
ax  eq  ^ 

in  various  complexes  of  this  type  (70,81) .  It  has  been 
found  that  the  equatorial  carbonyls  are  typically  slightly 
bent  toward  the  group  IV  ligand  atom,  so  that  the  motion 
of  the  equatorial  carbonyls  will  tend  to  decrease  the 
intensity  of  the  upper  A^  vibration,  with  a  concomitant 
increase  in  the  intensity  of  the  lower  A^  vibration. 


Experimental 
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The  cobalt  complexes  (OC) 4CoMX  (M  =  Ge ,  Sn,  Pb ; 

X  =  Cl,  Br ,  I,  CH^,  C^H^)  were  available  in  this  laboratory 
from  previous  studies  (68) .  Other  compounds  used  in  this 
investigation  [(OC)4CoCF3,  (OC)  4CoSiCl3  ,  (OC)  4CoSi  (C^-H^)  3  ] 
were  prepared  following  published  methods  (85,86).  The 
silicon  derivatives  were  prepared  from  dicobalt  octacarbonyl 
which  had  been  previously  enriched  by  exchange  with  CO 
enriched  carbon  monoxide  in  benzene  solution  (87) . 

13 

CO  Enrichment 

Isotopic  enrichment  experiments  were  performed  as 

described  in  Chapter  II  for  the  ruthenium  compounds.  In  a 

typical  exchange  experiment,  trichlorogermanium  cobalt 

tetracarbonyl  (30  mg)  was  dissolved  in  cyclohexane  (1.2  ml) 

and  the  solution  injected  into  a  reactor  of  about  25  ml 

total  volume.  After  thorough  degassing  of  the  solution, 

13  . 

CO  enriched  carbon  monoxide  was  admitted  to  a  pressure 
of  about  1.5  atmospheres,  and  the  reactor  was  warmed  to 
50°C.  Spectroscopic  samples  (each  20  yl)  were  withdrawn 
from  time  to  time  and  diluted  .with  additional  cyclohexane 
before  their  spectra  were  recorded.  No  attempt  was  made 
to  exclude  light  during  the  exchange  runs. 

Overtone  and  combination  spectra  in  the  4000  cm  ^ 
region  were  recorded  on  a  Cary  14  spectrometer  for  selected 
compounds.  A  representative  example  of  these  spectra  is 


. 
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shown  in  Figure  VI-3.  Carbon  tetrachloride  was  employed 
as  solvent  for  these  spectra  since  it  is  transparent  in 
the  4000  cm  ^  region,  and  the  compounds  are  sufficiently 
soluble  in  it  (about  40  mg/ml  solutions  were  used)  that 
their  spectra  may  be  recorded  in  1-cm  pathlength  cells. 

The  samples  were  observed  to  decompose  during  their  ex¬ 
posure  to  the  spectrometer  beam,  forming  cloudy  precipi¬ 
tates  .  None  of  the  bands  reported  here  was  observed  to 
gain  intensity  during  successive  scans  of  the  same  sample, 
so  it  appears  that  the  decomposition  products  do  not 
interfere  with  observation  of  the  spectra. 

Calculation  of  force  constants  and  normal  modes  of 
vibration  were  performed  on  the  IBM  360/67  machine  in 
the  University  of  Alberta  Computing  Centre  using  a  local 
version  of  Schachtschneider ' s  program  FPERT. 
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A  Justification  of  the  Energy  Factoring  Procedure  for 
Trichlorosily ltetracarbony lcobalt 

Chapter  V 

There  have  been  two  major  criticisms  levelled  against 
the  methods  of  calculation  of  carbonyl  force  constants 
described  in  the  preceding  Chapters  (48,65,88).  These 
criticisms  are  of  the  neglect  of  anharmonicity,  and  the 
neglect  of  the  other  vibrations  of  the  molecule. 

Correction  for  anharmonicity  is  generally  performed 
by  the  determination  of  mechanical  frequencies  from  the 
frequencies  of  the  fundamentals  and  various  overtone  and 
combination  frequencies .  The  corrected  frequencies  are 
then  equated  with  the  frequencies  which  the  molecular 
vibrations  would  have  in  the  absence  of  enharmonic  effects 
in  the  force  field.  A  force  constant  calculation  may  then 
be  performed  on  the  corrected  frequencies  to  give  the  anhar- 
monic  force  constants  (4) .  This  has  been  done  by  Jones  for 
the  hexacarbony Is  of  the  group  VI  metals,  nickel  tetracar- 
bonyl  and  manganese  pentacarbony 1  bromide  (15,16,48,79). 

The  anharmonic.  corrections  derived  by  Jones  are  quite 
similar  among  the  molecules  which  he  has  studied  (about 
20  cm  "*"),  although  somewhat  larger  than  might  be  expected. 

As  was  previously  noted  the  application  of  such  corrections 
to  line  positions  obtained  from  isotopically  enriched 
materials  presents  problems  in  cases  where  the  symmetry  of 
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the  molecule  is  altered  by  the  isotopic  substitution.  Jones 

was  able  to  circumvent  this  problem  by  synthesis  of  nickel 

tetracarbonyl ,  and  the  group  VI  hexacarbonyls  from  isotopi- 
13 

cally  pure  CO  (15,16) .  When  line  positions  have  been 
obtained  during  the  course  of  exchange  reactions  however, 
anharmonici ty  effects  have  usually  been  neglected,  and  the 
force  constants  evaluated  from  this  data  have  been  regarded 
as  "effective  force  constants"  (29,32,33,34,67). 

The  second  criticism,  neglect  cf  coupling  between  the 
carbonyl  stretching  vibrations  and  the  lower  energy  fre¬ 
quencies  of  the  molecule  may  be  answered  more  directly . 

This  criticism,  again  made  by  Jcnes  (48),  is  based  prin¬ 
cipally  on  the  coupling  between  the  carbonyl  stretches, 
and  the  metal -carbon  stretches,  which  he  found  to  be  non¬ 
zero  in  the  nickel  and  group  VI  carbonyls  (15,16).  Risen 
has  proposed  a  force  field  for  the  halogeno -group  IV 
derivatives  of  cobalt  tetracarbonyl  which  were  the  subject 
of  Chapter  IV  (17,77) .  The  carbonyl  stretching  force 
constants  are  fixed  throughout  the  series  of  compounds,  the 
force  constants  governing  the  lower  energy  vibrations  of 
the  spectrum  being  adjusted  to  fit  the  appropriate  spectral 
lines . 

A  test  of  the  effects  of  the  energy  factoring  approxim¬ 
ation  may  be  performed  by  a  calculation  in  which  the  force 
constants  given  in  Chapter  IV  are  inserted  into  Risen' s 
force  field.  This  will  show  whether  the  inclusion  of  the 
lower  energy  vibrations  has  any  appreciable  effect  on  the 
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calculated  positions  of  the  carbonyl  stretching  vibrations. 
The  details  of  this  calculation  are  now  reported. 

The  molecule  selected  for  this  test  was  trichlorosilyl- 
tetracarbonylcobalt .  The  silicon-chlorine  vibrations  are 
at  higher  energy  in  this  species  than  other  halogenated- 
group  IV  derivative  of  cobalt  carbonyl,  with  the  possible 
exception  of  the  fluorinated  compounds,  for  which  no  data 
have  yet  been  reported. 

The  vibrations  of  Cl^SiCotCO)^  may  be  classified  under 
the  molecular  symmetry  as  9A^  +  2A^  +  HE.  The  A^ 

vibrations  are  inactive  in  both  infrared  and  Raman,  and  have 
not  been  observed.  One  of  them,  the  torsional  vibration  of 
the  tr ichlorosily 1  group  relative  to  the  rest  of  the  mole¬ 
cule,  was  neglected  in  the  vibrational  analysis.  The  other, 
which  is  a  symmetric  bending  of  the  Co-C-0  angles  in  the 
equatorial  plane  of  the  molecule  arising  from  coordinates 
which  also  give  rise  to  a  vibration  of  E  type,  was  included. 

A  set  of  37  internal  coordinates,  listed  in  Table  V-l 
was  chosen  to  express  the  atomic  displacements.  Symmetry 
coordinates  based  on  them  are  given  in  Table  V-2 .  The  num¬ 
bering  scheme  for  the  atoms  is  shown  in  the  illustration. 

The  geometry  was  taken  from  the  X-ray  crystal  structure 
(70),  averaged  Co-C  distances,  SiCl  distances  and  angles 
around  the  Co  and  Si  atoms  being  used.  The  G  matrix 
was  set  up  by  standard  procedures  (4),  using  a  local  version 
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TABLE  V-l 

Internal  Coordinates  for  Cl^SiCo(CO)^ 


Internal 

Coordinate 

(r) 

Atoms 

Involved 

Description 

1 

2,3 

axial  carbonyl  stretch 

2 

5,6 

equatorial  carbonyl  stretch 

3 

7,8 

It 

4 

9,10 

II 

5 

1,2 

cobalt-axial  carbon  stretch 

6 

1,5 

cobalt-equatorial  carbon  stretch 

7 

1,7 

II 

8 

1,9 

II 

9 

1,2,3 

cobalt-axial  carbonyl  bend 

10 

1,2,3 

"  "  "  "  at 

90°  to  r^ 

11 

1,5,6 

cobalt-equatorial  carbonyl  bend, 
out  of  the  equatorial  plane 

12 

1,7,8 

II 

13 

o 

i — ! 

>*. 

** 

1 - 1 

II 

14 

1,  5,6 

cobalt-equatorial  carbonyl  bend, 
in  the  equatorial  plane 

15 

CO 

** 

t"- 

i — 1 

II 

16 

1,9,10 

II 

17 

4,11 

silicon-chlorine  stretch 

18 

4,12 

II 

19 

4 ,13 

II 

20 

1,4 

silicon-cobalt  stretch 

21 

12,4,13 

chlorine-silicon-chlorine  bend 

22 

13,4,11 

It 

23 

11,4,12 

II 

24 

1,4,11 

cobalt-silicon-chlorine  bend 

25 

1,4,12 

II 

26 

cn 

i — i 

** 

i — i 

II 

TABLE  V-l  (continued) 
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Internal 

Coordinate 

(r) 

Atoms 

Involved 

Description 

27 

4,1,5 

silicon-cobalt -equatorial 
carbon  bend 

28 

4,1,7 

1! 

29 

4,1,9 

II 

30 

2,1,5 

axial  carbon-cobalt-equat¬ 
orial  carbon  bend 

31 

2,1,7 

II 

32 

2,1,9 

II 

33 

7,1,9 

equatorial  carbon-cobalt- 
equatorial  carbon  bend 

34 

9,1,5 

II 

35 

5,1,7 

II 

36 

2,1,4 

silicon-cobalt-axial  carbon 
bend 

37 

2,1,4 

"  at  90°  to  i~  r 

3  o 

' 
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TABLE  V- 2 

Symmetry  Coordinates  for  Cl^SiCo (CO) ^ 


Coordinate  Definition 


1 

r2  +  r3  +  r4 

2 

ri 

3 

rll  +  r12  + 

r13 

4 

r17  +  r18  + 

r19 

5 

r20 

6 

r15 

7 

r6  +  r  7  +  r  8 

8 

r21  +  r22  + 

r  2  3 

9 

r  +  r  + 

24  25 

r26 

10 

r  +  r  + 

27  28 

r  29 

11 

r 30  +  r 31  + 

r  32 

12 

r33  +  r 34  + 

r  35 

13 

r,  ,  +  r,  ,  + 
14  15 

r16 

14 

2xr2  -  r3  - 

r  4 

15 

r  9 

16 

r15_r16 

17 

2xr11  “  r12 

r13 

18 

2xr1?  -  r18 

r19 

19 

2xr21  -  r22 

r  2  3 

Description 

equatorial  carbonyl  stretch 

axial  carbonyl  stretch 

equatorial  Co-C-0  bend,  out 
of  plane 

silicon-chlorine  stretch 

cobalt-silicon  stretch 

cobalt-axial  carbon  stretch 

cobalt-equatorial  carbon 
stretch 

chlorine -s il icon -chlorine 
bend 

cobalt-silicon-chlorine  bend 

silicon -cob alt -equatorial 
carbon  bend 

axial  carbon-cobalt-carbon 
bend 

equatorial  carbon-cobalt - 
equatorial  carbon  bend 

inactive  equatorial  cobalt- 
carbon-oxygen  in  plane  bend 

equatorial  carbonyl  stretch 

axial  cobalt-carbon-oxygen 
bend 

equatorial  cobalt-carbon- 
oxygen  bend  in  plane 

"  out  of  plane 

silicon-chlorine  stretch 

chlorine -silicon -chlorine 
bend 


TABLE  V-2  (continued) 
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Coordinate  Definition  Description 

E 

a 


Jb 


20 

2xr 24  -  r 2 5  "  r 26 

21 

2xr 33  ~  r 34  "  r 35 

22 

2xr 6  "  r7  “  r8 

23 

2xr27  ~  r 28  “  r29 

24 

2xr 30  "  r 31  "  r 32 

25 

r  36 

26 

r  3  r4 

27 

r10 

28 

2xr14  -  r 15  "  r16 

29 

r  12  ""  r  1 3 

30 

CTi 
i — i 

u 

1 

00 
i — l 

U 

31 

r  2  2  r  2  3 

32 

r 2 5  _  r 26 

33 

r 34  "  r 35 

34 

00 

S-i 

I 

r-~ 

S-l 

35 

r 2  8  “  r 29 

36 

r 31  "  r 3  2 

37 

r37 

cobalt -silicon -chlorine 
bend 

in  plane  carbon-cobalt- 
carbon  bend 

cobal t-equa to rial -carbon 
in  plane  bend 

silicon-cobalt-equatorial 
carbon  bend 

axial  carbon-cobalt- 
equatorial  carbon  bend 

silicon -cobalt-axial 
carbon  bend 


equatorial  carbonyl  stretch 

axial  cobalt-carbon-oxygen 
bend 

equatorial  cobalt-carbon- 
oxygen  bend  in  plane 

"  out  of  plane 

silicon-chlorine  stretch 

chlorine -silicon-chlorine 
bend 

cobalt-silicon -chlorine 
bend 

in  plane  carbon-cobalt- 
carbon  bend 

cobalt-equator ial -carbon 
in  plane  bend 

silicon-cobalt -equator ial 
carbon  bend 

ax ial -carbon -cob alt- 
equatorial  carbon  bend 

silicon-cobalt-axial 
carbon  bend 


138. 


Y 


A 

( 


of  Schachtschneider ' s  program  GMAT  (11).  Since  there  were 
32  normal  vibrations  (excluding  the  torsion) ,  five  of  the 
coordinates  chosen  were  redundant,  giving  rise  to  three 
zero  frequency  A-^  vibrations  and  one  zero  frequency  E 
vibration.  These  were  retained  in  the  calculation. 

The  potential  function  used  was  that  given  by  Risen 
(17)  except  as  noted.  The  force  constants  used  are  listed 
in  Table  V-3r  the  first  four  entries  in  which  correspond 
to  the  force  constants  for  the  carbonyl  stretching  block 
of  the  secular  equation.  Angle  bending  force  constants 
are  given  in  millidyne/angstrom  units  in  Table  V-3 ,  and 
were  corrected  to  the  appropriate  units  by  multiplication 
by  the  product  of  the  lengths  of  the  two  bonds  involved  at 
the  time  the  F  matrix  was  set  up. 

Using  the  F  and  G  matrices  as  described  above,  the 
vibrational  equations  were  solved  with  Schachtschneider ' s 
program  VSEC  (11).  The  frequencies  thus  obtained  are 
listed  in  Table  V-4. 

There  is  excellent  agreement  between  the  observed 
values  of  the  carbonyl  stretching  frequencies  and  those 
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Value  from  Chapter  IV  of  this  work. 
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TABLE  V-4 


Observed*  and  Calculated  Frequencies  for  All  Vibrations 


of  Cl3SiCo (CO) 


,  -1, 
(cm  ) 


Observed 


Calculated  Calculated 

(Reference  17)  (this  work) 


A 


1 


A, 


E 


2118b 

2121 

2123.3 

2063b 

2069 

2061.7 

641 

634 

595.0 

549 

546 

557 . 2 

471 

469 

449.7 

411 

410 

412 . 5 

309 

310 

295.0 

179 

177 

175.9 

100 

99 

97 . 6 

inactive 

? 

521 

b 

2037 

2044 

2037.9 

571 

568 

611.6 

506 

503 

590.2 

483 

483 

535.0 

437 

438 

474.3 

372 

373 

446.5 

200 

199 

225.8 

138 

139 

13  9.1 

— 

118 

121.2 

— 

80 

94.2 

65 

61 

61.4 

a 

b 


Reference  37 
This  work 
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predicted  by  this  calculation.  Inclusion  of  the  lower- 
frequency  vibrations  does  not  shift  the  predicted  values  of 
the  carbonyl  stretching  frequencies  by  any  appreciable  amount 
as  shown  in  Table  V-5.  This  shows  that  the  energy  factoring 
procedure  dees  not  introduce  any  substantial  error. 

The  agreement  for  the  lower  energy  frequencies  is 
acceptable  only  for  some  vibrations.  Communications  with 
Professor  Risen  have  not  revealed  any  discrepancy  between 
the  force  field  used  in  this  work  and  that  used  by  him, 
although  his  published  values  have  in  some  cases  been  rounded 
off.  The  force  constants  in  Table  V-3  were  kindly  supplied  by 
Professor  Risen  and  differ  slightly  from  the  literature  values 
(17,89)  .  The  reasons  for  discrepancies  in  Table  V-4  are  not 
clear  at  the  present  time,  but  may  be  due  to  differences  in 
the  carbonyl  bending  interaction  constants. 

The  reason  for  the  good  agreement  between  the  fre¬ 
quencies  predicted  by  the  energy-factored  and  the  more 
complete  force  fields  in  the  carbonyl  stretching  region 
may  be  found  from  an  analysis  of  the  potential  energy 
expression.  This  expression  m.ay  be  written  as; 

P.E.  =  1/2  l  ki.rir. 

i  r  j 

where  k.  .  is  the  force  constant  relating  coordinates  i  and  j 
1 D 

(with  k..  the  primary  force  constant  for  coordinate  i) ,  and 

v  u  r 

r.  and  r.  representing  the  displacements  of  coordinates  i  and 

i  3 

j.  The  eigenvector  elements,  which  give  the  relative  values 


' 
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TABLE  V-5 

Comparison  of  Observed  Carbonyl  Stretching  Freque ncies 

of  Cl^SiCo (CO) ^  and  those  Calculated  with  the  Energy 
Factored  and  Complete  Valence  Force  Fields 


Observed 


Calculated  with 
Energy  Factored 
Force  Field 


Calculated  with 
Valence  Force 
Field 


All  ~^C0  molecule 

2118.0 

2063.0 

2037.0 


13 

CO  axial  molecule 

2104 . 0 
2028.0 


2117 . 3 
2062 . 6 
2037.2 


2104.9 

2028.6 


2123.3 
2061 . 7 
2037 . 9 


2111.5 

2025.8 


1  3 

CO  equatorial  molecule 

2111.5 


2111.4 
2059 . 6 
2000.2 


2116.7 
2059.0 
1999 . 5 


2000 . 5 


I 


! 
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of  and  r ^ ,  obtained  in  the  course  of  the  computation  are 
given  in  Table  V-6  and  show  that  extension  of  the  carbon— oxy¬ 
gen  bond  length  during  the  carbonyl  vibration  is  accompanied 
by  a  compression  of  the  cobalt— carbon  bond.  No  other  coordin¬ 
ates  are  appreciably  involved  in  the  carbonyl  vibrations . 

The  potential  energy  expression  given  above  may  be 
rewritten  as  a  sum  of  terms  each  of  which  involves  some 
independent  force  constant: 

p.E.  =  l  ckkk 

k 

where  the  index  k  runs  over  all  the  independent  force 
constants  in  the  potential  energy  expression.  This  poten¬ 
tial  energy  distribution  in  terms  of  the  valence  fcrce 
constants  was  also  obtained  from  the  calculation.  The 
significant  contributions  to  the  potential  energy  during 
the  carbonyl  vibrations  are  given  in  Table  V-7. 

The  contribution  to  the  potential  energy  due  to 
motion  in  the  cobalt-carbon  coordinates  is  given  by  the 
last  three  elements  in  each  row  of  Table  V-7.  The  potential 
energy  expression  given  above  may  be  broken  down  into  three 
terms , 

P.E.  =  J (terms  in  carbonyl  stretching  coordinates) 

+  l (terms  in  cobalt-carbon  stretching 
coordinates ) 

+  l  (interaction  terms  between  carbonyl 
and  cobalt-carbon  stretches) 


. 
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TABLE  V-6 

Eigenvector  Elements  for  the  Carbonyl  Stretching 

Vibrations  of  Cl^SiCotCO)^ 


/- —  CO  Stretch - y  , -  Co-C  Stretch v 

Vibration  Frequency 

cm_l  Axial  Equatorial  Axial  Equatorial 


All 


12 


Co  Molecule 


2118 

2063 

2037 


b3CO  axial 

2104 

2028 


13 


CO  radial 

2111. 5 

(13C) 


{2059} 

(13c) 


2000 . 5 

13(0 


0 . 240 
0 . 297 


0.140 
0 .346 


0.264 


0.274 


-0.038 


0.172 
-0.138 
0 . 270b 


0 . 204 
-0 .083 

0 . 179 
0.108° 

-0.184 

-0.055° 

-0 .083 
0 . 353° 


-0.140 
-0 . 174 


-0.079 
-0 . 196 


-0 . 155 


-0.160 


0.022 


-0 . 100 
0 .081 
-0.159 


-0.119 

0.048 

-0.105 

-0.061 

0 . 108 
0.030 

0.050 
-0 . 201 


a  Entries  in  this  table  give  relative  amplitudes  of 
individual  internal  coordinates 

b  Positive  value  for  E^  vibration 

°  Equatorial  ^3CO 
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The  first  term  in  this  expression  is  given  by  the 
first  four  columns  in  Table  V-7,  the  second  term  by  the 
next  two  columns,  and  the  last  term  by  the  last  column. 

Thus  for  the  upper  A^  carbonyl  stretching  vibration  of 
Cl^SiCo(CO)^  this  expression  is 

P.E.  =  0.993  +  0.049  -  0.047. 

The  last  two  terms  of  the  expression  cancel  almost 
exactly.  Inspection  of  Table  V-7  shows  that  this  result 
is  true  for  all  the  carbonyl  stretching  vibrations  of  the 
molecule.  The  potential  energy  during  the  carbonyl 
stretching  vibrations  is  thus  determined  wholly  by  the 
carbonyl  stretching  force  constants .  This  is  a  consequence 
of  the  opposite  senses  of  the  carbonyl  and  cobalt-carbon 
stretching  motions  during  the  vibration,  and  the  values 
of  the  cobalt-carbon  stretching  constants  and  the  cobalt- 
carbon-carbonyl  interaction  constants  determined  for  this 
molecule  by  Risen  (17).  As  Risen  demonstrated,  these 
force  constants  are  transferable  to  all  the  chlorine  group 
IV  substituted  cobalt  tetracarbonyls .  This  implies  that 
the  conclusion  drawn  for  trichlorosilyltetracarbonylcobalt 
may  be  extended  to  the  other  cobalt  tetracarbony 1 
derivatives  discussed  in  Chapter  IV,  viz . ,  the  energy¬ 
factoring  approximation  as  applied  to  separation  of  the 
carbonyl  stretching  vibrations  from  the  remaining  vibra¬ 
tions  of  the  molecule  is  justified.  Any  errors  which 
may  be  introduced  by  this  procedure  are  well  within  the 
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Potential  Energy  Distribution  Among  Valence  Force  Constants 


for 

the  Carbonyl 

Stretching  Vibrations 

of  Cl3SiCo (CO) 4 

Force 

Constant 

a 

ViDration 

/ 

,  -1. 

(cm  ) 

1 

2 

3 

4 

5 

6 

18 

2118 

Ai 

0 . 380 

0 . 569 

0.024 

0.020 

0.019 

0.030 

-0.047 

2063 

Ax 

0.621 

0.391 

-0.027 

0.014 

0.030 

0.020 

-0 .050 

2037 

E 

— 

1.02 

— 

i 

o 

• 

o 

fO 

0.054 

-0.052 

2104 

Ai 

0.131 

0 . 815 

0.017 

0.030 

0.006 

0.043 

-0.047 

2028 

Ai 

0 . 871 

0 . 145 

-0.018 

0 . 005 

0 .040 

0 .008 

-0.048 

2112 

A' 

0 . 463 

0.490 

0 .024 

0.017 

0 .023 

0.025 

-0.047 

{2059} 

A’ 

0.527 

0 .485 

0.024 

0.014 

0.026 

0.025 

-0 .050 

2000 

A’ 

0  .  Oil 

1.005 

-0.002 

-0.014 

0 .001 

0.050 

-0 .050 

a 


See  Table  V-3  for  force  constant  numbering. 
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TABLE  V-8 
f 

Force  Constant  Values  for  Some  Metal  Carbonyl  Compounds 


CO  stretch  CO, CO  MC  MC , CO  Source 

Interaction  Stretch  Interaction 


Cl3SiCo (CO) 4 

17. 58a 

0. 

26 

2.51 

0 .735 

Table 

17.08b 

0  . 

31 

2 .62 

Ni  (CO) 4 

17.85 

0. 

12 

2.08 

0 . 52 

15 

Cr (CO) c 
b 

17.04 

0.17°, 

0 .08d 

2.10 

0.69 

16 

Mo ( CO ) 6 

17.15 

0.17°, 

0 . 0  id 

2 .00 

0.74 

16 

W(CO)  6 

17.02 

0.19°, 

0  .  nd 

2.32 

0.84 

16 

Co (CO) 3N0 

16.81 

0. 

28 

2.31 

e 

90 

Fe (CO) 3N0" 

13.80 

0  . 

55 

3.54 

e 

91 

CcH,Cr (CO) , 

5  5  o 

13.55 

0. 

46 

2.97 

e 

92 

aaxial  carbonyl 

^equatorial  carbonyl 

Ccis  interaction 

dtrans  interaction 

enot  determined, 
f  ° 
ind/A 
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limits  of  the  harmonic  oscillator  approximation  implied  by 
the  neglect  of  anharmoni.city . 

The  result  found  above  depends  on  the  numerical  value 
of  the  metal-carbon  and  carbonyl  stretching  force  constants 
and  the  interaction  constant  between  the  metal-carbon  and 
carbonyl  coordinates.  The  values  for  these  constants 
determined  for  several  metal  carbonyl  species  are  given  in 
Table  V-8.  The  MC ,  CO  interaction  constant  was  omitted 
from  the  force  field  used  for  the  last  three  compounds  for 
which  a  "diagonal  symmetry  force  field"  was  used  (90,91,92) 
The  reported  values  of  this  constant  are  quite  similar, 
and  vary  in  the  same  way  that  the  metal-carbon,  stretching 
force  constants  vary.  For  this  reason  the  energy-factoring 
method  justified  in  this  Chapter  for  trichlorosily ltetra- 
carbony lcoba It  may  well  be  of  general  applicability  in 
the  determination  of  metal  carbonyl  stretching  force  con¬ 


stants  . 
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APPENDIX  I 
Computer  programmes 

Two  sets  of  computer  programmes  were  used  during 
the  course  of  the  work  presented  in  this  thesis.  The 
first  and  more  extensive  package  was  the  set  of  Fortran 
programmes  developed  by  J.  H.  Schachtschneider  (11) . 

These  programmes  have  been  widely  distributed,  and 
copies  of  local  versions  are  available  in  this  department. 
These  programmes  have  advantages  when  dealing  with  large 
problems,  in  that  they  are  very  fast  in  terms  of  comput- 
ing  time,  and  can  perform  a  wide  variety  of  computations. 
The  calculations  reported  in  Chapters  IV  and  V  of  this 
thesis  were  performed  with  these  programmes. 

During  the  course  of  this  work  the  APL  language 
became  available  on  this  campus.  This  language  has  the 
advantage,  for  applications  involving  smaller  amounts  of 
computation,  of  very  fast  turnaround  time  obtained  from 
the  interactive  mode  of  operation.  Furthermore  the 
language  is  able  to  handle  matrices  with  great  facility. 
Programmes  suitable  for  the  type  of  computations  involved 
in  analysis  of  metal  carbonyl  spectra  with  energy-factored 
force  fields  were  written  in  APL  by  the  author.  They  are 
not  particularly  suitable,  however,  for  larger  scale 
problems,  since  the  time-sharing  feature  of  the  APL  system 
slows  down  the  operation  of  the  machine  insofar  as  the 

individual  user  is  concerned,  and  since  input-output 
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through  a  terminal  would  be  exquisitely  tedious  for 
large  problems . 

The  APL  programmes  may  be  divided  into  two  classes; 
two  written  to  perform  specific  calculations,  and  others 
which  are  capable  of  performing  normal  coordinate  calcu¬ 
lation  for  any  molecule. 

The  two  specific  programmes  VALUE  and  CISBIS  are 
listed  in  this  appendix,  together  with  examples  of  their 
use.  The  others  are  listed  in  Appendix  II  with  examples 
of  their  use  in  Appendix  III. 

VALUE  calculates  force  constants  from  the  two  A^  and 
E  band  positions  of  an  octahedral  pentacarbonv 1 .  The 
algorithm  used  was  formulated  by  Professor  F.  W.  Birss  of 
this  department.  CISBIS  calculates  force  constants  from 
the  two  A^,  B^,  and  B0  band  positions  of  an  octahedral 
tetracarbony 1  by  the  non-linear  least  squares  method  given 
by  Shimanouchi  (14) .  Both  programmes  request  their  own 
input,  after  their  execution  is  requested  by  typing  their 
name,  and  try  all  the  possible  assignments  of  the  given 
band  positions.  Subroutines  which  are  also  used  by  the 
programmes  in  Appendix  II  {SOLVER,  ULINE  and  DATE)  are 


listed  there. 
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[3] 

C4] 
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[  6  ] 

[7] 

[8] 

[9] 

[10] 
[11] 
[12] 

[13] 
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[16] 

[17] 

[18] 

[19] 

[20] 

[21] 

[22] 
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VA  L  UE  ;  Z  ;  M  ;  XZ  Z  ;A  ;B  ;  C  ;  XY 


COMPOUND  ID  ? 


ULINE ,  [4 

» 

FREQUENCIES  ? ' 

->(  3*pZ+  J])/3 
M+Q 

XZ7j<- 4  .  0  3  8F;"6 

+  (  (  i  4  )=//<-,'-;+ 1  )/  12  8  10  0 
->7 x  i  2[  2]  =Z[  3  ] 

-*12x  i  2  =p  Z[  2  3]*-Z[  3  2  ] 

+  7* i Z[ 1 ] =Z[ 3  ] 

Z[  1  3>Z[3  1] 

7<-aZZxZ[  1  ]  *2 
£«-XZZxz[  2]  *2 
C<-XZ  ZXZ[  3  ]  *  2 
X«-0.  0  7  5x4+2J-2xC' 

->19xi0<l7^-(9x(/1*2)+S*2)  +  (4xCx(y]+5-C))-22xi4x5 

(/■/;'.  '  ;Z  ;  '  I/MGJ/M/ry  ROOTS  !  '  ) 

->  7 


jyx-  3  p  0  =  yx-  o  .  0  2  5  x  V  *  o  .  5 
XY\ 2>C+2xyy[  3  >X  +  Z 
yy  [  i  +b  -  c+ 6  xyy  [  3  ] 

’  ;  1  PND  Z;'  /C/\  .  .  '  ;3  RED  XI7;' 

'  *  5  '  •  7WZ7Z7  Z  2’  :  '  ;  1  7?A7Z2  (  XX  [  2  ]  x  2  4  7  6  3  0  )  * 

0.5;'  /CM.') 

-*7 


.••/Z?  y/7Zs  5  // 


V  /?<-//  i?/7Z)  X 

/? «-  (  1  0  *  -  /7  )  x  |_  0  .  5  +  X  x  1  0  *  77 


[1] 
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VCJSSISLDDV 


V 

[1] 


Cl  SB  IS  ;  LM  ;  F  ;  XK  ;  W  ;  J-/Z  \A  SS  ;  7?  ;  ITNO  ;  I ;  PA7  ;DP;A  ;B 


COMPO UND  IDE N TIE I CA II 0 N ? 


[2] 

[3] 


[4] 


[5] 


[6] 

[7] 

[3] 


ULIRE ,  [rJ 

f 

ESTEP  OBSERVED  FREQUENCIES ; ' 

->(  (  4  *p  LM  )  v  (  1 7  0  0  >  L  /£//  )  v  (  2  2  0  0  <  [ /IA  ,  □  )  )  /  3  3x  p  ,P<-i 
26 


STARTING  FORCE  CONSTANTS \ 
->3  3x  iP-h(  126  )  x  3  ?ip  XK<- ,  f! 


t 


,V-«- 1  v  LRxLR 

' WEIGHTS  ? 


[9] 

[10] 
[11] 
[12] 

[13] 

[14] 

[15] 

[  1  6  ] 

[17] 

[18] 

[19] 

[20] 

[21] 
[  22  ] 

[23] 

[24] 

[25] 

[26] 

[27] 

[28] 

[29] 

[30] 

[31] 

[  32] 

[33] 

[34] 
[3  5] 


•>12xi  •  y »  *  (  ,  E )  [  l  ] 

•>33x1  F<-  (126  )x4pip  WZ<- ,  H 
W+-W*  WZ 

W<-  (  4  4  )p  (  ,(i4)o.ri4)\f/ 

ASS+0 

->(  ( A  SS+A  SS+  1  )  =  1  7  )  /  18  3  4 
L7[I]>L7f[^I>(2U55)+  2  3] 

;/[  ;I  ]<  ; 4>I ] 

f/[  1  ;  ]*>jr/[  4>I  ;  ] 

7?*- (4  3  )plTRO<-I<-  1 

->14x\  0  -  p  PR  •>  7  £’£  XK 

>31xi a/0. 2  > I PN-LM 

>14x i 0=p DP+RES  XK -  0 . OlxJ  =  i 3 

/?[  ;  I]*--!  OOxRE-DP 

->21xi  3  >I<-I  +  1 

/3  <-  ( )  +  .  x  3' 

ps  >-.4  +  ,  x  (  4  1  )  p  L  1  ~  Pi-! 

->31xi0.0002>[/|  DP+-,  (A  +  .  *R  )  SOLVER  B 
XE+XK-DP 

->1  9  x  1 1<-2  0  >X T  RO<-I  T  NO  +  1 

(ASS;'  ROT  CONVERGED  IN  20  ITERATIONS') 
->1  4 

(ASS  ;  '  .  '  ;1  END  LR ; ’  GIVES  '  ; 3  /?A/D  XA’ ;  ' 

PREDICTS  '  ;  1  ,77/5  .7P5  XX ) 

->1  4 

>fx  p  p  »  •  »  »  ,1  (?/l  J  A7 .  ' 

i  0 

ULINEU+'  '.DATE 


MDXNES/A 


V  PL+RES  XX ; XZ ; XXL  US ; XPROD ; A 

[1]  PL<-  4p0 

[2]  PZ«-3pO 

[  3 ]  XZ [ 1  >PP[ 2 ]  +  2  x XXL  3 ] 

[4]  PZ[2>PP[1]+PP[3] 

[5]  PZ[  3  J<-2*XXF.  3  ] 

[ 6 ]  PL f  3 ] +XK [ 2 ] -  2  x XK [ 3 ] 

[7]  PL  [  4  ]  <-XK\  1  ]  -  XV.  [  3  ] 

[8]  PZ«-PZ* 14583 

[9]  PL+PL* 14583 

[10]  PPL  LLx-PZ  [  1  ]  +  XZ  [  2  ] 

[11]  XPROD*- 4x(PZ[ l]xPZ[2] )-(PZ[3]*2) 

[12]  -> (  XPROD>XPLUS*2  )  / 1  8 

[13]  /!<-((  PPL  L5  *  2  )  -  XPROD  )  *  0  .  5 

[14]  PL  [  1>0.  5  x  PPL  tfS+yl 

[15]  PL  [  2  ]  x-  0  .  5*XPLUS  -A 

[16]  PL<-  4  PPL(  PL  t0  .  0  5889  )*0.  5 

[17]  +  0 

[18]  'PE SYS  PRODUCES  I VAGI PARIES  l ' 

[19]  PL<- 1  0 
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APPENDIX  II 

APL  programmes  which  perform  a  complete  normal 
coordinate  analysis  are  listed  in  this  appendix. 

Data  input  is  initialised  by  the  function  ENTER  which 
calls  the  GET  functions  for  entry  and  preprocessing 
of  various  parts  of  the  data. 

Two  programmes  SOLVE  and  ITERATE  perform  the 
major  calculations.  SOLVE  calculates  the  vibrational 
frequencies  and  eigenvectors  from  the  input  data. 

ITERATE  adjusts  the  force  constant  set  so  that  the 
frequencies  are  fitted  by  the  least  mean  squares  method 
(10-14).  Provision  is  made  for  constraining  the  force 
field  by  fixing  the  values  of  some  force  constants. 

Both  SOLVE  and  ITERATE  call  DISPLAY  to  perform  the 
output . 

The  functions  ADD >  SW  AP  3  and  NEWPROB  allow 
editing  of  an  input  data  set.  ADD  allows  input  of 
additional  frequencies,  SWAP  allows  alteration  of  the 
assignment  of  the  frequencies  previously  input,  and 
NEWPROB  requests  the  identification  and  frequencies  for 
a  new  problem,  retaining  the  other  data  from  the  previous 
problem. 

The  function  'STORE  makes  a  permanent  record  of  the 
input  in  a  compact  form.  Stored  input  data  sets  may  be 
displayed  by  the  function  INDEX  and  reassembled  by  the 
function  ASSEMBLE .  The  function  DELETE  erases  data  sets 


stored  by  STORE . 


- 
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Some  functions  have  been  taken  from  the  APL  library 
maintained  by  the  computing  centre.  These  functions  are 


Function  name 
SET  I ME 
GETIME 
SOLVES 

JACOBI 

DFT 
DATE 

Examples  of  the  use  of 
Appendix  III .  Arrangements 
Linda  Rines  for  the  package 
Library  Number  165. 


Function  use 

Clock  starter 

Clock  reader 

Solve  simultaneous 
equations 

Eigenvalues  and  eigen¬ 
vectors  of  a  real  sym¬ 
metric  matrix 

Output  formatting 

Date  writing 

this  package  are  given  in 
have  been  made  with  Mrs. 
to  be  stored  in  Public 


' 
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[1] 


V  EH  TER 

'ENTER  PROBLEM  IDENTIFICATION . 


[2] 

(~,  (!£<-, E)e  ' 

[3] 

! 

ENTER  PROBLEM  SIZE.  ' 

[4] 

NQ+ n 

[5] 

r 

77) ,7  ;,M7/y  1S0T0PECULE. 

[6] 

HMOL+U 

[7] 

GETZ 

[8] 

t  t 

[9] 

rFTTl 

U  Cj  X  if 

[10] 

1  1 

[11] 

GETU 

[12] 

t  t 

[13] 

GE TO FREQ 

[14] 

i  t 

[15] 

GET PR I 

[16] 

V 

ULINE [>  • 

77/772  OF  DATA  INPUT. 

, DATE 


V  GETZ 

Tl]  Z+(2,NQ,NQ)pO 
[2] 

[3] 

[4] 

[5] 


V 


'ENTER  FRONT  PLANE  OF  ?  "  SYMATIN 
Zfl  ;  ;  ~\+-Sr-‘ATII;  NO 
'ENTER  SECOND  PLANE  SIMILARLY . ’ 
Zl2  ;  ;  l+SYMATIN  NO 


t  i 


1 A  Eli  I  ON. 


V  GETU ;LINE \I \K 
[1]  U+{FN0I,NO,NO)pI<-0 

[  2  ]  (  '  SYM.  COORDS  FOR  MOLECULE  '  ;I<-I+  1  ;  '  ?  '  ) 

[3]  ->(  '  YN=' =  (LINE<-,?))  [1]  )/  9  4  6 

[4]  U[I ;  ;  ]«-(  i  HQ, )  °  .  =  i  NQ 

[5]  ->-13 

[6]  UlI ;  ;  >7[  (  '  12  3456739  ’  \LINEl  2]  )  ;  ;  ] 

[7]  ->-13 

[8]  r  NEW  COORDINATES  FOR  I  Til  MOLECULE 


[9] 

[10] 
[11] 
[12] 

[13] 

[14] 


K  +  0 

•+UlQ*pLINE+  ,  P)  /14 

7[i  ;/>A'  +  l  ;  ]HI/,7Ft(  +  / LINE  *2  )*0.  5 

+(K*NO) /10 

+  2*1.110.1*1 

'WRONG  NUMBER  OF  ENTRIES  IN  LINE . 


it? y  yc/i/;’ 


[15]  ->10 


V 
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V  GETW ;G  ;  I 

[1] 

IL^UUIOL ,  UQ. , NO  )  P  c<-(N2  ,EQ  )  pIx-0 

[2] 

'ENTER  G  EATRIX,  ONE  MOLECULE  AT 

A  TIME' 

[3] 

{'MOLECULE  '  ;  I<~I  +  l  ) 

[4] 

G+SYNATIN  NQ 

[5] 

G+1E  8  JACOBI  (Utl  ;  ;]  )  +  .x(7+.x^^[J; 

;] 

[6] 

2CI  ;  ;  f  2  ;  ;  ]  +  .  x  (  G[  1  ;  ;  ]  x  (  i  RQ  )  o  .  =  i 

EQ)* 

0  .  5 

[7] 

+  3x \I*INQL 

V 


V  GETOFREQ 

[1]  'ENTER  OBSERVED  FREQUENCIES .' 

[2]  HD+pQZZ&Q.+  >U 

[3]  'INDEX  Tn EE.  ' 

[4]  ->6  x  i  ND*  P  F.QEQ.‘2S.K<~  » ;  1 

[5]  -*6*  (NtlQUxEQ)  <  [  /FREQDEX,ND 

[6]  ' BLUNDER ,  IFY  AGAIN.  ' 

[7]  ->-3 

V 


V  GET PHI 

j-  ^  -]  t  jr  rj  y  EH  FORCE  CON  ST  A  N  T  S  . 

NF<- p  phi<-  ,  n 

;6x^F,r  /  ,  z  C  l ; ;  3 

t 

WHICH  OF  THE !f  SHOULD  BE  VARIED  ? ' 
->6  x  (  p  PHI )  <  NF+-p  PHIDEX+- ,  1 
'  B  L  UN  DE  R  '.  LET' ' S  S  TA  P  T  0  VER  . 

->1 


[2] 

[3] 

[4] 


[5] 

[6] 
[7] 


V  Y/M  FI  A7  A7 ;  I  ; 


[1] 

Z<-{  N  ,N  )  p  I«-0 

[2] 

->(  {N-I  )*pLINE 

[3] 

7,  [II  \N  ;I+1  ]<-Z 

[4] 

->2  x //  &I <~I  +  1 

[5] 

it  ERROR ,  IF Y 

[6] 

->2 

V 
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V  SOL VE 

[  1  ]  SE'TIME  '  • 

[2]  SECULAR 

[3]  DISPLAY  0*p OFREO 

V 


[1] 

[2] 

[3] 

[4] 

[5] 

re] 

[7] 

re] 

[9] 

CIO] 

Cll] 

[12] 

[13] 

[14] 

[15] 

[16] 
[17] 


I  TEE ATE 


SUP+xDIV+SETIFE  0 
SECULAR 

S  UM<rS  UP  ,  l>+  /  ( LA  SB  DA  [  FREE  VEX  ]  - 


C3G52F 


2  )*2 

+  ((1F  6  >5  UMl  pSUEl  ),  l=p  SUE)/  17  7 
-►15X14  <DIV<-DIV+SUP[_  pSUPl  >SUPl  ~l  +  p SUM1 


+  1  7  x  i  0  .  0  0  0  1  >  [  /  |  DPILI 
+  1  3  x  i  J  TPX&  <  P  71 E 1 
DESYPMETRISE 


7  x  OFREO* 


JZ+PARTIALS 
+1  5  x  i  5 C/1  LZ7  DPH I <- FORE'S 
PEI  C  eetdex  1+ElLl  C  ZlilDEX  ]  +Z2P//I 
+  2 


» :  //£?'  77;;yF7<7F/yr  after  ’  ; cycles 

■>2  x  i  o*i]7MZ«-[] 

•ZJ0  1727  ,7/1  7T  7/7  F  RESULTS  AEYh’AY  ?  ' 

->ox v 1  y ' *(  ,,T1) [i ] 

DISPLAY  1 


V  SECULAR \H \ IP 0 L 

[1]  i>(p7)P0 

[  2  ]  L  APB  DA*- 1  ~  177  L  <- 1 

[  3 ]  H+UlIPOL ;;]+.x(£[2;;]x 77T [7[l;;]])  +  .x§7[ IPO L ; ; ] 

[  4  ]  //+($}7[I70L  ;;])+.  x//+  .  x7[  J77L  ;  ;  ] 

[5]  //+lZTl2  JACOBI  II 
[  5  ]  LAPBDA+-IAPBDA  ,  1  1  $# [  1 ;  ;  ] 

[  7  ]  LH  MOL  ;  ;  ]<-*/[  17  0L  ;  ;  ]+  .  x  E  C  2  ;  ;  ] 

[  0  ]  ->3X EPQL> IPOL^II’OL-x- 1 

V 


V  DESY "PETRI SE ; 177 L 
[1]  IMOL+1 

[  2  ]  LllPOL  ;  ;  >($£[I70L  ;;])  +  •  X£[I7(7L ;  ;  ] 
[  3  ]  +2X1  EPQL'zIMO L  +-I  / :'7L  + 1 

[  4  ]  (  ££  ,  E2*EPQL  )  P  ,  2  1  3  §L 


V 
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V  JZ+-PARTIA  LS\I \I\K\J \L 
[  1  ]  JZ+  (ND,p  PHI  DR  X  )  p  I<-0 

[2]  ->ox  i  nd<i+-i  +  1 

[3]  K+OxL+FREQDEXII] 

[4]  +?.x\HQ<L+K<rK+l 

[5]  J+ZZUKiLl 

[6]  +  8x \~JtPHTDPv 

[  7  ]  JZl  I  iJl+JZlT  ;</]+£[  2  ;K  ;L]x(  1+K*L  )xL[A'  ill^LZL  ;J] 
[8]  NQ>L<-L  +  1 

C9]  -*4 

V 


V  STOP+SCALE  A  \AKQJ ; QUQ 

[  1  ]  ->3xi  ~  SHOP  SWITCH 

[2]  A 

[3]  STOP+5  <QUQ+-[  /  \A 

[4]  ->10xi  STOP 

[5]  ->0x  i  QUO<0.  25  . 

[6]  AKQJ+0. 125*+ /GUG>  0.25  0.5 

[7]  A+A.*AKQJiQUQ 

[  8  ]  ->  0  x  i  ~  SHOW  SWITCH 

[9]  ->0xpL:-M 

[10]  ('  TEE! 'll!  A  TED  WHILE  SCALPING ; 

1  ;A  ;  '  ENTRY  '  >y(\A)\[/\A 

V 


V  DPUI<-FOPMS  ;A  ;B 

[  1  ]  A  +  (  )  +  .  x  ( ND  ,  ND  )  p  (  ,  (  i  ND  )  °  .  =  i  ED  )  \1  OFRFQ*2 

[2]  B<-A+.  x  (142, 1  )  P  (  5.  88852fi’~7x  OFREQ*  2  ) -14(7224  C  LdRQDEX  ] 

[3]  A^A+.xJZ 

[4]  DPUI<-,A  SOLVER  B 

[5]  JZ<~\ 0 

V 


V  R+SETIUE  X 

[ 1 ]  R+X 

[2]  E^ZRZ<-X  2  0 

[3]  STFTIE+12  1 

V 


V  R+GETIME  X 

[1]  (' COMPUTE  TIRE:  '  ;  1  2  6  0  6  0  6  0  T  ( 1 2  1  ) -RZilZZR ) 

[2]  ('ELAPSED  TIRE:  12  60  60  60  T  ( 1 2  0  )  -E£Z'dZ ) 

[  3  ]  /?«-* 


171. 


V  R<~C  JACOBI  A  \N \Q  ;IT \TM \CCE \T \X\L \CM \SM \U \V \R\RP\I 
[ 1 ]  R+A 

0*-  (  i  // )  o  .  =  \  N 

I+.Q 

CCE+-  ,  (  \  N  )  °  .  <  i  A7 
IT<-  0 

TM+CCi-!/  ,R 
->{C>T<-\  /  |,77') /l 

T~CC!:\  |  Til )  \  1 

k+ r  y/'v// 

L-<-  (  A7  |  T7'-' )  +A/x  0  =N  |  TM  „ 

7’«- -/?[/<  ;L] 

AMFU  )*2 

F<-  (  ( T7  *  2  )  +  F  *  2  )  *  0  .  5 

cam  (y+jy)*2xio*o.5 


C2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

no] 

[11] 

[12] 

[13] 

[14] 

[15] 
[  16  ] 

[17] 

[18] 

[19] 

[20] 
[  21  ] 
[22] 
[23] 
[  24  ] 
[25] 
[  26  ] 

[  27  ] 
[28] 
[  29  ] 


SM  -<-  (  7' t  2  x  F  x  C7 ' )  x  (  U>  0  )-U<  0 


R+-I 

R{  (K,L)+Nx(K-  1  )  ,L-1>C7* 

R  [  TA  ,K  +  t:*L- 1  X  -  5.7 )  ,  5.7 

AM  (A/,/;)pA?)  +  .x,4' 

2  [  777  ,  K  +  A/ x  L  - 1  >57,  -57 

£<-(//, tf)p£ 

R*-R+  .  xp 

>5  +  .  x/7 

^(/74ZI7:>i77^J77+l  )  /  7 

(’  JACOBI  NOT  CONVERGENT  AFTER  '\HAZIT\'  ITERATIONS . 

) 

■*(  o=mi^n)/£ 

I  T<-0 
-7 


[30]  F  :  >  (  2  ,  p-4  )  p  (  >),,<? 


V 


V  5  r/yl  P  •  I 

[  1  ]  7  "  1  *  DFT  (  2  ,  £5  )  P  ZEE  ODE, X  ,  QFZZQ. 

[2]  ->-0  x  i  2*+/(  i  pZRZQDEX)  el^FREQDEXx  2pH 

[3]  Q.lKE£tIl+O.Zti.KQt<bl] 

[4]  ->1 

V 


V  NEWER OB 

HEINE  iz>, n 
GET OF RFC 


[1] 

[2] 


V 
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Cl] 

[2] 

[3] 

[4] 


V  X+A  SOLVER  3  ;  I  ;  J  ;  K  ;  M  ;  N  ;  MA  X  ;  LL7  AP 

DET<-1 

->  (  ( (  Pi4  )  [  1  ]  )  =  (  p  /l  )  [  2  ]  ) /SL  70 


SERE:'  MATRIX  IS  SINGULAR . . 
->DET<-  0 


NO  SOLUTION 


f 


[5]  SLVO  :->(  0=pB  )/SLVl 

[  6  ]  /l «-  (  N  %  N<-N  +  J<-  (  p  5  )  [  2  ]  )  -M 

[7]  Al;N+\J]+B 
f  8  ]  SLVl  :  I<-0 

r  9  ]  SL  V2.  :  J+I  +  J  I  RAX<-  [  /J<-  \A  C  ( 1+  \  N- 1  )  ;  1+  1  ] 

[10]  -K  AL4 X < CRITERION  )  / SLLL 
T  1 1  ]  SL  73  :  +  (  J  =  I«-J  +  1  )  /SL  T/4 

[12]  rP/lP^TJ;] 

[13]  4  [  1  ;  ]  «-;4  [  J  ;  ] 

[14]  /I  [J  ;  >-LL\'P 

[15]  DET+--DET 

[16]  SL 74 : DET+DET*A [ J ; J ] 

[17]  L  [7  ;L  >7.  [  J  ;L]  -/l  [  (  Jx-L  +  i  A7  - 1 )  ;  J]  °  .  x^  [I  ;A>J  +  i  ,4-1  ]  [  J 

[18]  ->{  I <  A7  -  1  )  /SLV2 

[19]  ->  (  (  |  A  [  N  ;  L  ]  )< CRITERION  )  /SSLS 

[20]  DET+DETxA  [  A/  ;  A7  ] 

[21]  +{M>N)  /BACK SUB 

[22]  X+DET 


[23] 

[24] 

[25] 

[26] 
[27] 


-*■  0 

5i4  SLS  t/S  :X+(N,  /■/  -  A7 )  p  0 
L  [  A7  ;  ]  «->4  [  L  ;  L<-  A7  +  \!l- N  ]  *4  [  N  ;  N  ] 

SL  75  :  XII  ;  >  (A  [I \Kl-A  [!;«/]  +  .  xj[  JS-L  +  i  L-J  ;  ]  )  i/1  [L  ;  J 
->(  0  <!<-!  - 1  )  /SL  75 


V 


] 


[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 
[11] 
[12] 
[13] 
[  1  4  ] 
[15] 


[16] 

[17] 


V  ADD  ; I  \K  ; N  ;  NE UFR E 0 

' ADD  ANY  NEC  FREQUENCIES ' 

N<- p  NEWFREO<- ,  n 

'INDEX  THEE.  (A  NEGATIVE  INDEX  TILL  CAUSE  DELETION  OF 
TEE  CORRESPONDING  ORIGINAL  FREQUENCY.)' 

I<-{  1*0  )/!«-,□ 

AS- ( ~Pe  |  ( J  <  0  )  /I  ) /K+{  I  >  0  )  /I 

■+(  (  0*+ /XeFPEODEX)  ,N*+/I>0  )  /  16  17 

-*-1  2  x  i  a/ J>  0 

■>15x  i~A/(  |  (1  <0  )  / 1  )e  EREODEX 
x* — EREQDEXe  |  ( I < 0 ) /I 
EREQDEX<-K  / E ERODE  X 
QFpEO<-K / 22222 

XEKQGEX<-LREQDEX[F<-iFpEQDEX^FpEQDEX  ,  ( I  >  0  )  /I  ] 

22222^ (  QFREQ  ,  NEWFREO  )  [  X  ] 

-*0  xHD*-(  x  0  )  p  p  QFREQ 

-*4  xp  pQS- '  CA  N  '  1  L  DELETE  THAT  WHICH  DOES'  'NT  EXIST  !  REE 
NTER : ' 

-+4  x  p  p[]<- '  CAN  '  '  T  El)  TER  Til  A  T  WHICH  A  L  REA  D  Y  EXI S  TS  '.  R  FEN 
TER  :  ' 

+  4  x  p  pO  *  INSUFFICIENT  POSITIVE  ENTRIES  '.  REENTER:' 

V 


* 

173. 


V  DISPLA Y  IF IT  ;4 ; Z ; J ; EPF \I \K 


[  1  ] 

PA  USE 

[2] 

z<-$(r/i'oriJlQ)p(.LAr. 

[3] 

0.  5 

VLINEV+ID , '  ' 

[4] 

ULINEP+ ’ FORCE  COE 

[5] 

10  3  DPT  PUL 

[6] 

ULINE  [>  ' FEE  CEE  CIS 

[7] 

->(3  +  126  )  x  i  IF  I T 

[8] 

(10  1)  DFT  7, 

T9] 

->(6  +  126) 

[10] 

Z<-((J<-3xF^OL)p  0 

[11] 

ERE<-CFREC-(  LAEDDA 

[12] 

0  .  5 

Z[  ;  2  +  3xi HFOLl<-§( 

[13] 

OF  PEC 

Z[  ;3x  \UMQhl^(EU.Q. 

[14] 

( ( 6  x  HFQL ) p  12  1  7 

[15] 

5  p  ! 

t 

[16] 

ULINEV+' SYMMETRY 

[17] 

Z<~(  EC  ,  J<-EOx  W~Q.Il  )  P 

[18] 

I<-(  2^)p  8  5 

[19] 

K<-I+  (  [  (  120-7><8  )  11 

[20] 

X  DFT  Z 

[21] 

5  p  ’ 

1 

[22] 

ULiriEV*- '  IE  TERRA  L  i 

[23] 

DESYI1METRISE 

[24] 

K  DFT  L 

[25] 

t  t 

[26] 

GET IRE  ' 

V 

/*  ' 

V  P/H/PP 

r  13  '  • ' 

[2]  ULINEtfl 

V 

V  A+TtESUME 

[1]  A  <-(7.2  7  )  C  2  3 

V 
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[1] 
r  2  ] 

[3] 

[4] 

[5] 
C6] 

[7] 

[8] 

[9] 

[10] 
[11] 
[12] 

[13] 

[14] 


V  Z  +  W 
D<-  ' 


DFT  X  ;D  ;E  ;F  ;G  ;//  ;I 
012345G709.  » 


->•(  v/l^L  l‘/<- ,  [•/+  ( /M-0  )x/-^i<pPZ)  / DFTEFP.  +  OxF *-?. 

->(3  2  1  <p  p  JJT )  /  (DFTEFP  +  F+0)  ,  2  3  +  126 
-*(pppA<-(  (  v/  1  ?  =  p  r/ )  cl  1  2  )§(  1  ,p  ,A)pA)/2+i26 
A«-(0  1  1  /  p  A  )  p  A 

+((a/(pF)*  1  2  ,  2x£’^lpc[pA)  ,  l*p  W)  /  (DFTERRxF+-l  ) 
3  +  126 

7>  1  +  [ / 0  ,  , [ 1 0© | A+ 1 > | A 
!'/+  (  2  + 1  +  !■/  +  (  W  *  0  )  +  v  /  ,  A  <  0  )  ,  W 
->(v/2>-/[l]  (  F ,  2  )  p  .7  )  /DFTFP.R  +  0  x  p«-  2 

"  <-  (  (  V.  <- 1  p  p  A  )  ,  +  /.”[  1  ;  ]  )  p  ’  ’ 

A«-L  0.  5  +  A  *  1  0  *  (  p  A  )  p  7  [  2  ;] 

DFTLP  :  +  (£’<//<-//  +  1  )  / UF TIR'D 


J^l  +  L  10  |  (  |  A«-A  [;//])  o  .  +  l  o  *  1  +  <(>  i  J-c-,V[  1  ;  I!  ] 

<7<-  (  ,  <7  )  xC«- ,  §  (  4> p  J  )  p  (  ,  §(  J*  1  )  v  .  a  (  1 7  )  o  .  <i  J-F+  1  )  ,  ( Ax  1  +  £W7[ 
2  ;//]  )pl 


[15]  ->(A/0<J)/2  +  l26 

[16]  tl[l  +  (pt7)|  1  +  ( _/.-  +  /( A,  1  )pG  )+I  x  l  +  iA]<-12*A<0 

[17]  J+(KtI)pJ 

[18]  ->  (  0  =F  )  /  3  +  1 2  6 

[19]  J<-,7[  ;  (  icju  G)  ,  (G<--/Wl  ;//])  + 1 F  ] 

[20]  JT  ;6’>11 

[21]  +PF7£PxpppZ[  ;  (  +  /  W  [  1  ;  i  //  - 1  ]  )  +  i  J  ]  <-D  [  1  +  J] 

[22]  OFTEN  D  :  ->L  /  0 

[23]  ->0*  p  Z+- ,  Z 

[ 24 ]  DF TERR :  ' DFT  '  , ( 3  6  p ’  RANK  LEU GTHDOMAIN ’  )  [F  +  l  ;  ] ,  »  pppp 

LEE .  * 

V 


V  STORE; I 

[  1  ]  IP5 TORE  +-IDS TORE  , ZA4  TE  t  '  /'  ,li 2  ,  ’  ’ 

[  2  ]  VEC  STORE-^VEC  STORE  ,  (  p  P/7J  )  ,  P/7  J  ,  (  p  PPIDEX  )  ,  PPIDEX 

[  3  ]  VEC  STORE ^VEC  STORE  ,  (  p  OFREO  j  ,  OR  PRO  ,  FREQDEX  ,"999 

[  4  ]  DA  TSTORE+DA  T STORE  ,  FAFF ,  ££ 

[  5  ]  AM F5FPPF«-’M  T STORE  ,  (  ,  F  )  ,  (  ,  V  )  ,  (  ( I ,  I-*- ,  (  i  PP  )  °  .  S  i  NO  )  /  ,  Z  )  , 
99  9 

[  6  ]  FREQDEX<-ID+QFREQ+PHI+PniDEX+U+W+Z*-ED+NE+N:jOL+!lO<-  \  0 

V 


V  INDEX ;J;I 
[1]  J «-+  /IDS  TORE 

[  2  ]  P-*- 1 

[3]  I;'.  '  1+IDSTCPE\  '  ”  '  )JtIDST0RE 

[  4  ]  ID  ST0RE<-{  ID  STORE  i  '  **  '  )$  ID  STORE 

[5]  ->3*  ie72>I«-J+l 


V 
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[2] 
r  3 1 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 
[11] 
[12] 

[13] 

[14] 

[15] 

[16] 

[17] 

[18] 

[  19  ] 
[20] 

[21] 


ASSEMBLE  77 ;I  ;J;7l 

ID*-IDS  TORE  [  (  iJ-I+l) +!<-[/(  ’  /  ’  =IDSTOREt  i  J]  )/i J<-{  ( 

ID  STORE  =  '  "  »  )  /  i  p  ID  STORE  )  [  7/  ]  ] 

7Pl'QMJ/lPSm?P[  1  +  2x//] 

N  Q*-D  AT  STORE  [RQxin 

J  -<-[/(  999=14  999  tVECSTORE) /\I+(  (  9  9  9  =  VEC  STORE  )  /  i  p 

F/:C1T7/?Z'’ )  [  A7] 

71  x-  ( 7  -J  )  t  (  j-  - 1  )  4-  VECS TORE 

E^ILL+J 1  [  1  ]  41  i  wrcsm?# 

ElilLEX  :  *-A  [  1  ]  4 1  47l<-  (  1  +71  [  1  ]  )  ±A 


0  F  R  E  0  *-F  E  E  0  D  E  X*-\ 0 


-*12*10  -A  [  oA  ] 

QRREO<-A  [  1  ]  4 1  47l  «-  (  1  +A  [  1  ]  )  4/1 
FPECDEK<-(  1 +A  [  1  ]  )  471 


J<-  f/(  9  9  9  =  J  4  9  99  ,HAT STORE  )  /  \  I *-(  (  999^1'ATSTORE  )  /  \  p 


MA I  STORE)  l  7/  ] 

A<-  ( I  -  J  )  4  (  J  - 1  )  4  MA  TS  TORE 

A+-  (  *  /  p  U<-  ( NQOL  ,  7/£  ,  ££  )  o7l  )  4/1 

A  +  ix/p'd+UlHQ&'NQtncDpA  )±A 

I  *-  ( !1£  >  HQ. )  p  (  >  (  t-  Z/£2 ) 0  .  ^  *  HC. )  \  i  i  //£? 

J-*X+ ( ( i 77 ) 0 . HQ) *  §1 

J^(  2 ,77, ££)p  (  ,1  )  ,(,-!  +  +  / 

£«-U[-z] 

7/P-* 1  ’  p  p  EliLllQK P  77-*  '  '  p  p  QFREO 


DOSE 


i  » 


[1] 

[2] 

[3] 

[4] 


DELETE  E;K;Z 

-*10xi  N>K++  /  '  “  '  -ID STORE 

K*-~ l  +  (  (*'•*=*“  »  tIDS  TORE  )  /  i  l  +  Z«-pIZ?57Y}7?P 
ID  STORE*- {  (  (  i  Z  )  <L  /Z  )  v  (  [  ///  )  <  i  Z  )  /ID  STORE 
K*-(  1  0  )  +  2  x  // 


)  [  77 , 77+  1  ] 


[5] 

[6] 

[7] 

[8] 

[9] 

[10] 


W£'*-/MI'5Z,7/?'7[  (~(  i  Z  )e/0/  i  Z-*p  Zl/1  TPTOPP] 


P^"l+((  999=~999  ,  VEC  STORE  )  /  i  1  +  Z+-p  VEC  STORE  )  [  7 ' ,  77+  1  ] 


STORE*-  (  (  (  i  Z  )  <  L  /V  )  V  (  [  /x  )  <  i  Z  )  /  FPCSPPPP 


‘l  +  ((  99  9  =  9  9  9  , 7/73  TS  TORE  )/il  +  Z-*p  MA  T  STORE  )  [  77  ,  77  +  1  ] 

-yCxpEATSTC:-  E+(  (  (  \  Z  )<L  /tf)v(  [  /K  )  <  i  Z  )  /7.M2,S2,0fl£’ 


77  C27  71 P  77 77.  27/ £7?  77  /}/?£  ORLY 
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APPENDIX  III 

Examples  of  force  constant  evaluation  and  normal 
coordinate  calculations  performed  with  the  programmes 
listed  in  Appendix  II. 

The  first  example  shows  evaluation  of  force  con¬ 
stants  for  (C^H^) ^AsMo (CO) r  using  the  "Refined  CKFF". 

The  other  two  examples  show  the  use  of  the  energy 
factored  force  field  in  calculation  of  force  constants 
and  normal  coordinates  for  Cl^SiRe (CO) r  and  Br _SnMn (CO) c . 

3  0  3  0 

The  examples  shown  are  taken  from  the  calculations 
performed  in  the  course  of  the  work  presented  in 
Chapter  III  of  this  thesis. 
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General  Details 


Present  address: 


Date  of  Birth: 
Citzenship : 


Department  of  Chemistry, 
University  of  Alberta, 
EDMONTON,  Alberta. 

8  May  1942 

British 


Health : 


Good 


Marital  Status: 


Single 


Education 


School : 


University : 


Selhurst  Grammar  School 
Croydon 


University  of  Leicester  (1960-1963) 

Achieved  B . Sc .  in  General  Chemistry, 
2nd  Class . 


Subsidiary  Subjects: 
Physics 

Chemical  Mathematics 
History  of  Science 
Economics 


2  Years 
1  Year 
1  Year 
1  Year 


> 


Publications  : 


M.  G.  Hogben,  R.  S.  Gay,  and  W.  A.  G.  Graham, 
Fluorine-19  Nuclear  Magnetic  Resonance  Studies 
of  pi  Interactions  in  Pentaf luorophenylphosphines 
and  Their  Complexes.  A  Correlation  of  Coupling 
Constants  with  Chemical  Shifts,  J.  Am.  Chem.  Soc. , 
88,  3457  (1966)  . 

M.  G.  Hogben,  R.  S.  Gay,  A.  J.  Oliver,  J.  A.  J. 
Thompson,  and  W.  A.  G.  Graham,  Chemical  Shifts 
and  Coupling  Constants  in  Pentaf luorophenyl 
Derivatives  II .  Application  to  a  Study  of 
Bonding  in  Selected  Compounds,  J.  Am.  Chem. 

Soc. ,  91,  291  (1969)  . 


* 

Publications  (continued) 


R.  S.  Gay,  and  W.  A.  G.  Graham,  Revised  Carbonyl 
Stretching  Force  Constants  in  Tr iphenylgermanium- 
pentacarbony Imanganese  and  Related  Compounds, 
Inorganic  Chemistry  8_,  1561  (1969). 

R.  S.  Gay  and  W.  A.  G.  Graham,  Infrared  Spectro¬ 
scopic  Studies  on  some  Isotopically  Enriched 
Cobalt  Tetracarbony 1  Derivatives,  submitted  to 
Inorganic  Chemistry. 


Ph.D.  Studies 


Conducted  at: 


University  of  Alberta, 
(1963  -  Present) 


Research  Supervisor: 


Professor  W.  A.  G.  Graham 


Thesis  Topic: 


Infrared  Spectroscopic  Studies  of 
Some  Metal  Carbonyl  Derivatives 


Post  Graduate  Courses  Taken 


Topics  in  Organometallic  Chemistry 
Topics  in  Inorganic  Chemistry 
Theoretical  Chemistry 
Advanced  Theoretical  Chemistry  and 
Group  Theory 
Molecular  Spectroscopy 

Topics  in  Organic  Reaction  Mechanisms 
Radiation  Chemistry 

Proficiency  examinations  in  French  and 
German  to  English  translation 

Other  Postgraduate  Courses  Attended: 

Vibrational  Spectroscopy 
Magnetic  Resonance  Spectroscopy 
Numerical  Analysis  and  Computing 
Methods  in  Chemistry. 


Research 


Research  Areas  to  Date: 

Synthesis  of  pentaf luorophenyl  phosphines  and 
phosphine  derivatives,  and  infrared  spectroscopic  studies 
of  metal  carbonyl  derivatives  using  isotopic  enrichment 
and  normal  coordinate  analysis  techniques.  These  studies 
have  entailed  the  use  of  standard  inert  atmosphere  and 


Research  (continued) 


high  vacuum  techniques  for  manipulation  of  air  and 
moisture  sensitive  materials  and  extensive  use  of 
computer  programming  (in  FORTRAN  and  APL )  for  solu¬ 
tion  of  problems  in  statistics,  vibrational  analysis 
and  isotopic  distributions  in  mass  spectral  fragments. 


Future  Research  Interests: 

Study  of  Inorganic  and  Organometallic  compounds 
using  vibrational  and  nuclear  resonance  techniques. 


Scholarships : 


National  Research  Council  of  Canada  Postgraduate  Fellowship 
(1967-1968-1969) 


Teaching  Experience 

Teaching  Assistantships  in  Department  of  Chemistry, 
University  of  Alberta. 

Courses  Demonstrated: 

Chem.  230  General  Freshman  Chemistry 

Chem.  230  Special  Demonstrator  in  Vacuum 

Techniques  for  Freshman  Chemistry 

Chem.  511  Instrumental  Methods  in  Analytical 

Chemistry . 


